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Intr ion

The purpose of this contract was to define, develop, validate, and produce a health
monitoring system which would facilitate the study of soldiers in simulated battlefield
conditions where Chemical Defense (CD) garments were used. The contract was
separated into three phases:

I. Systems Analysis
II. Design, Development and Validation

III. Manufacture and Delivery of Systems

1.0 Phase]- ms Analysi

This phase defined which physiological parameters needed to be monitored, how
the data would be acquired, how the data would be processed for transmission to
medical monitors, and the algorithms to be employed in defining "alarm"
conditions.

1.1 Parameters Monitored: The parameters to be monitored, and the devices used to
acquire these signals were:

Deep Body Temperature: An ingestible temperature sensor and radio transmitter,
plus a body-worn radio receiver and demodulator to acquire and process the pill’s
Radio Frequency (RF) signal was proposed. The proposed pill was to be
disposable, a single-use swallowed device, simple to use and "culturally" acceptable.

The design of the pill was envisioned as a semi-custom integrated circuit (IC) which
would encode two types of information: core temperature, and an identification
code which would permit the decoding of several pills transmitting on the same
frequency, enabling the monitoring of temperature in several parts of the digestive
tract at the same time.

The pill would be designed to operate from a 1.5 Volt silver oxide "watch battery".
Shelf-life considerations dictated low power design in both encoding electronics and
the amount of power which the pill could radiate. A transmit range of one meter
was proposed as being adequate. A receiver would be required in the Man-Pack to
acquire and decode the temperature information from the pill for subsequent signal
processing and relay to the remote Base Station.

Heart Rate: Lead II ECG signals plus electronic circuits to amplify the signals,
and further circuits to extract heart rate from the QRS intervals.
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Skin Temperature: A skin surface-mounted temperature sensor plus circuitry to
produce and amplify the proportional electrical signal.

Activity: A one-channel, non-directional accelerometer (an off-balance mass
mounted on a single, strain-gaged, cantilever beam) sensitive to motion in any
direction. Added to this device was to be circuitry to produce and amplify the
resultant electrical signal.

Other; A seven-data-channel system was proposed, one channel for RF pill-derived
temperature, one channel each for heart rate, skin temperature, and activity. The
remaining three channels could be assigned for additional data of these types, or
similar ones, such as EMG.

System Hardware Requirements: The Chemical Defense User Safety System
(CDUSS) required three principal packaging modes: a Man-Pack, i.e. a

body-mounted electronics package, a Relay Station, which could relay information
from up to fifty Man-Packs, operating simultaneously, to a Base Station, and a Base
Station, which could receive information from either Man-Packs or one or more
Relay Stations. '

Man-Pack The Man-Pack had to perform five functions:
1) Receive RF Signals from one or more ingested temperature pills.
2) Power and/or amplify signals from other sensors.

3) Reduce data from sensors so that data could be stored "on board" and/or
transmitted in "packet" form (see below).

4) Store data as required.
5) Transmit data to Relay and/or Base Stations.

Size and weight requirements for the Man Pack were one liter and one kilogram
respectively. '

The Man-Pack would be designed with a six-channel instrumentation amplifier with
differential voltage inputs capable of processing both static (or slowly varying)
signals from sources such as the activity sensor and surface temperature electrodes,
as well as AC-coupled biopotential signals such as ECG or EMG. Heart rate was
to be derived from detection of an ECG QRS complex. The general-purpose
nature of the instrumentation amplifiers would permit monitoring of a wide variety
of input signals. It was proposed that a semi-custom IC be designed to implement
the amplifier function so as to reduce component count and save power and space.
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Two modes of data acquisition were proposed: the primary technique would be
on-Man-Pack data reduction by an embedded microcontroller (#C) which would
store average core temperature, heart rate, and activity rate in the on-board
memory. In this mode, packets of reduced data would be relayed to a remote Base
Station every few minutes on pseudo-random intervals. The relay of these six
reduced-data channels to a Base Station was to be accomplished using serial pulse
encoding techniques.

The advantage of pseudo-random packet transmission was that it simplified Base
Station requirements. All individual Man-Packs could theoretically transmit on the
same frequency, since the time required to transmit a packet of data was very
short. The low duty cycle required for packet transmission (RF time ON to OFF)
guaranteed that few, if any, packets would be lost due to interference from
transmissions from another Man-Pack. Redundant transmission of packets would
guard against data being lost. The alternative, continuous transmission (real-time
encoding) by each Man-Pack, would tie-up one Base Station for each such Pack,
either preventing the monitoring of other Man-Packs by that Base Station, or
requiring uneconomic multiple Base Stations.

Data would be stored in two locations: the Man Pack itself would have the ability
to store several days worth of reduced data, and the Base Station IBM-type
Personal Computer (PC) would be programmed to store all data relayed from all
test subjects in the field. It was also proposed that the Man-Pack be provided with
an output which could be connected to an auxiliary tape recorder.

Since the pill battery had to be small, yet required an adequate shelf life, RF
transmission used a "burst mode", low duty cycle, Amplitude Modulated (AM)
transmitter. This dictated that the Man-Pack receiver be capable of processing low
power AM signals, hence a logarithmic RF detector output was recommended.

Relay Stations: The Relay Stations had to perform two functions:

1) Receive and process RF signals from one or more Man-Packs.

2) Relay signals to the Base Stations.

Size and weight limitations of the Man-Pack did not apply, alihough portability was
important, as was the ability to withstand adverse weather conditions. In essence,

Relay Stations were software-reconfigured Man-Packs, without sensors, and with
larger RF antennas and more robust power supplies.
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Software reconfiguration was implemented as follows:

The embedded uC was designed with a built-in Electrically Erasable Programmable
Read Only Memory (EEPROM). The EEPROM would be loaded with a System
Executive Routine which operated the Man-Pack and performed the on-body data
reduction of biodata. During setup, various System Executive Routine programs
could be entered to configure the unit either as a Man-Pack, Relay Station, or Base
Station, as well as to load different instructions for making data reduction
decisions.

Base Stations: The Base Station had to perform two functions:
1) Receive and process RF signals from one or more Man-Packs or Relay Stations.
2) Display information on the screen of a PC.

Size and weight limitations of neither Man-Packs nor Relay Stations applied,
although portability and ability to withstand adverse weather conditions were
important. In essence, Base Stations were software-reconfigured Man-Packs, with
Relay Station type RF antennae and power supplies, plus keyboard control and
display screen additions.

System Data Processing and Software Requirements

General: Since it was necessary to monitor up to fifty Man-Packs simultaneously, a
"packet" transmission technique was chosen. Each Man-Pack would periodically
assemble the reduced physiological data acquired into a "packet" -- data from up to
seven sensor channels, plus man-pack I.D. and time of data summary acquisition --
and release a burst of RF energy containing the above information. These bursts
would be emitted at pseudo-random intervals. Since the bursts were short and the
"on-the-air" duty cycle low, the probability of data crashes (interfering pulses from
various other Man-Packs and/or Relay Stations) was small.

Alarm Algorithms: Several alarm algorithms were devised. Excessively high body
temperature, excessively high rate of increase of body temperature, and excessively
high heart rate were among the criteria considered. (See further, below, for
validation procedures.) These algorithms were so devised that the "presets” could
be changed as medical considerations, field experience, and individual subject
physiological variations required.
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2.0

Preliminary Systems Design Proposals and Tests

Several preliminary studies were undertaken in Phase I, using a combination of
Army personnel and consultant physiological expertise, and available commercial
hardware in production at Konigsberg Instruments (KI). These preliminary steps
included:

Initial: A conference at the University of Oklahoma at which WRAIR personnel,
other exercise and heat stress experts, and KI project members considered and
recommended methods of data collection, and physiological warning algorithms.

Canine Experiments: A number of prototype (no I.D. channel) temperature pills
were fabricated, then fed to dogs. Two passages through a dog’s GI tract were
considered equivalent to one human passage. Failure mode incidents were
analyzed by dissection and visual microscopic inspection and evaluation of failed
pills, then appropriate redesign was undertaken. One-hundred percent survival of
the redesigned pills in multiple such tests in canines were deemed indicative of pill
integrity and human safety. All animal experiment protocols were approved by the
WRAIR Contracting Officer’s Technical Representative (COTR) and the
University of Oklahoma’s Institutional Review Board (IRB).

Human Experiments; Prior to design of Phase II equipment, tests were designed to
test pill RF propagation through both the human body and CD protective

garments, body antenna design, and the relative efficacy of various heat stress
alarm algorithms. To do this, additional redesigned prototype pills were
constructed, and standard KI telemetry transmitters and receivers were produced
and shipped to the University of Oklahoma for such tests. Tests were run with CD-
suited human volunteers on exercise treadmills. All test protocols were approved
by the WRAIR COTR and the University of Oklahoma’s IRB.

Summation; General agreement on the hardware and software techniques to be
employed, and the successful experimental tests, resulted in approval of KI’s

_ Phase I work, and a go-ahead for Phase II.

The KI Phase I report is appended. A separate report on the results of the
University of Oklahoma tests is also appended.

Phase II Design and Development

This Phase was originally projected to develop prototype and breadboard systems
which, after approval by the WRAIR COTR, were to proceed to Phase III, the
shipment of fifty such systems. However WRAIR program needs changed the
original scenario, as follows:
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Phase IIA WRAIR deemed it desireable to have a Beta test, in which a simplified
version of the final CDUSS Man-Pack was used to evaluate pill performance. Such
a unit, the "TR6A", was built, and consisted of an early version of the final TR6B
RF Receiver, plus a decoder, plus electronics to display pill-transmitted body
temperature on the TR6A built-in LCD screen. The complete unit, measuring 3 x
5 x 1 inches, plus antenna connector, was built, and ten such units plus prototype
pills were shipped to WRAIR. Results were satisfactory, and were a factor in
approval of KI'’s transition from Phase II to Phase IIL.

Pill Validation; Not as a part of the KI contract, but associated with it were tests
at Johns Hopkins University, Applied Physics Laboratory (APL) in which a series
of KI pills were calibrated against high-grade laboratory standards to determine
their accuracy. Results demonstrated accuracy to approximately 0.05 °C, well
within the 0.1 °C accuracy desired. A summary of APL findings are contained
within the KI FDA 510K application (see below).

Rectal Temperature Correlation Also not part of the KI contract but associated
with it were additional series of tests conducted both by WRAIR and by the

University of Oklahoma Physiology Testing Laboratory, to correlate pill-derived
deep body temperature with thermistor-based rectal temperature monitoring.

The tests showed good correlation in most circumstances with, as expected, slightly
higher deep body temperatures than rectal. These tests, too, were a factor in
approval of KI's program transition from Phase II to Phase III

Software Control As KI software development progressed, it became apparent that
the Base Station display and test subject pill tracking were highly application
specific. In addition, KI was not charged with developing the facilities and training
or acquiring personnel necessary for conducting human subject tests. Accordingly,
once the initial software programs were deemed functional by the WRAIR COTR,
further software development and control was taken over by WRAIR.

Breadboard Demonstration The final portion of Phase II was a breadboard
demonstration of the individual elements: pill, AM receiver, FM transmitter and
receiver, telemetry packet encoding and decoding, Man-Pack recorder,
microcontroller operation of receiver and demodulator, and software.
Demonstration of functionality was performed at the KI facility, witnessed by the
WRAIR COTR. Upon the COTR approval, project transition to Phase III was
approved. This demonstration took the place of a Phase II report.

Discussion of the individual elements comprising the CDUSS system is set forth in
the Phase III section of this report, below.




3.0 Phase III: Manufacturing & Delivery of Systems

3.1

In Phase III, KI was tasked with the production of five hundred ingestible
temperature transmitters and fifty Man-Pack electronics modules. This phase
required a significant effort in the design and fabrication of special tooling and test
fixtures to aid in the manufacture of the various elements of the system. KI also
designed and tooled custom castings for the case of the Man-Pack and a
semi-custom IC which was used in both the ingestible pill and in the Man-Pack.

T2D Ingestible Temperature Transmitter

The T2D Ingestible Temperature Transmitter was designed as a more complex, yet
lower cost version of the temperature pill manufactured in limited quantities for
the Phase II validation program. The Phase III pill used a KI designed semi-
custom IC named the "TO", and was intended for use in both the temperature pill
and on the amplifier board of the Man-Pack. The T2D pill included an extra pulse
code format in its transmission which allowed the Man-Pack to identify which pill it
was decoding, so that up to eight pills could be identified and received at any one
time.

TO Custom IC The TO IC was conceived as a general purpose functional block
whose primary function would be to optimize space utilization in both the
ingestible pill and in other more conventional amplifier applications.

KI personnel designed, breadboarded and tested the TO circuit with a "Designer’s
Kit" from Ferranti Interdesign. Ferranti Interdesign manufactured a line of "mask
programmable" ICs, which had a variety of predesigned functional circuit blocks
These blocks could be connected together at the last wafer manufacturing step by a
custom-designed metal mask. In this way each customer could characterize the IC
to perform an application specific function, so as to reduce parts count on a
conventional circuit card assembly.

Once the breadboard was complete, KI personnel designed the metal mask layer
which Ferranti Interdesign would deposit on the IC as a part of their manufacturing
process. Ferranti engineers reviewed the KI design, after which about one
thousand TO IC "dice" were produced and delivered. The parts were delivered in
die form rather than as parts in conventional packages with mounting leads, so that
the dies could be installed by KI in a variety of different packages and used in
different applications.




Capsule and Coatings The outer coatings of the pill assembly performed two
primary functions: to provide biocompatibility and ease of ingestion, and to protect
the internal electronics from the environment of the digestive tract.

The electronics module was placed with in a "000" size gelatin capsule, routinely
used in the manufacture of herbal and medicine preparations. The capsule was
made in two interlocking halves, which after electronics insertion, was assembled
and sealed with purified beeswax. The capsule assembly was then doubly sealed by
dipping it in a photo-cure dental acrylic, also bio-compatible, specially formulated
for this purpose for KI by Lee Pharmaceuticals. The dental acrylic was used in
order to further protect the internal electronic assembly from the environment of
the digestive tract. After the dental acrylic coating was shaped by hand filing and
sanding, an additional coating of urethane was applied both to seal the outer
surface of the acrylic and as a primer for the final coating. The final coating, a
Silastic elastomer, was a time-tested material with proven biocompatibility. The
pills were coated with this material to ease ingestion (Silastic is slippery when wet)
and to ensure that the presence of the pill would not cause any reaction in the
digestive tract.

Encoder Subassembly The purpose of the encoder subassembly was to generate a
temperature code and an identification code which would be specific to each pill.
The temperature information was encoded by varying the repetition rate or
frequency of a set of pulses from the encoder board. A typical pill would send out
these pulses at a nominal repetition rate of S00 per second (500 Hz rate) with a
20 Hz change from the nominal repetition rate per degree Celsius change. Pill
identification code information was added to the temperature code by generating a
second pulse between the temperature pulses. The width of the ID pulse and the
delay in time between the temperature pulse and ID pulse could be varied to
achieve 8 different ID codes.

The heart of the encoder subassembly was the TO IC. For this application the TO
was packaged by KI in a ceramic flatpack. The packaged IC was then sealed and
electrically tested in a special-built test fixture prior to assembly onto the encoder
subassembly circuit board.

In addition to the TO IC, the circuit card supported about 20 other miniature
components which programmed the function of the TO IC. A thermistor was used
to provide temperature information to the TO IC for coding.

Transmit Antenna Subassembly The antenna subassembly consisted of a ring-
shaped bobbin made from a glass-epoxy material and several turns of copper

magnet wire. The wire was bonded to the bobbin with epoxy.
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Transmitter Subassembly The purpose of the transmitter subassembly was to
convert the temperature and identification pulse codes from the encoder
subassembly to RF energy pulses, so that the information could be sent through the
body to an outside receiver. Transmitters could be tuned anywhere between

87 and 108 MHz.

The transmitter design used in the T2D pill was adapted from circuits which had
been used for years by KI in both ingestible and implantable electronics. It
consisted of a single transistor gated oscillator mounted on a small circuit card
assembly. The antenna subassembly was integral to the oscillator circuit, and also
coupled the RF energy from the pill to the surrounding tissue.

Final Assembly The T2D pills were manufactured on a make-to-order basis with
customer-specified identification codes and were tuned to specific frequency(ies)
requested by WRAIR. The T2D final assembly was made up of a 1.5 Volt Silver
Oxide Battery, the transmit antenna assembly, transmitter circuit board assembly,
encoder circuit board assembly, and a gelatin capsule with a series of
biocompatible coatings.

TR6B Man-Pack/Radio Relay System

The TR6B Man-Pack was conceived as a general purpose transceiver and mobile
data acquisition system. It could perform the following functions and was capable
of the following features:

MicroTransmitter Receiver/Decoder

Six Channel Instrumentation Amplifier

Stand-Alone Data Analysis/Relay System Encoding
Programmable to a Radio Relay Station Configuration
Programmable to a Base Station Configuration

o e

In order to perform these functions the TR6B was configured as a dual co-
processor computer system. Two Motorola embedded uC were used to accomplish
this. One uC was used in the transceiver part of the TR6B, with the second uC
used in the analog Data Acquisition System (DAS) part of the system. The
transceiver pC assembly was called the microRadioControl (uRCtl) and the DAS
pC assembly was called the microDataControl (uDCtl).

Each uC could be loaded with a different program, which was changed depending
on the function which was to be performed (a, b, ¢, d, and/or e above).




Man-Pack In the Man-Pack mode the TR6B uRCtl IC was programmed to
monitor one or more ingested T2D ingestible temperature pills
(microTransmitters). The uRCtl memory was programmed with frequency,
temperature calibration, and ID code information prior to sending the soldier into
the field for maneuvers. In operation, the uRCtl would scan a preset RF band
looking for the pill’s frequency and ID code. When the appropriate conditions
were met, the uRCtl would lock onto the RF signal from the pill and then decode
the core temperature data from the pill. The temperature data, as well as other
bio-information from the uCtl portion of the TR6B, would then be transmitted via
the uRCltl transceiver either to a remote radio relay station or base station for
further processing.

The bio-data from the TR6B was transmitted in "packets" of reduced data on a
pseudo-random, intermittent basis. This technique was used to simplify operation
and in order to allow all the transceivers to send data on the same carrier
frequency. This technique ensured that the system would function even in a
crowded RF spectrum.

In the Man-Pack mode the TR6B uCtl side was also programmed to monitor up to
six channels of analog data from non-ingested, body- or suit-mounted sensors. The
kCtl assembly included a six channel instrument amplifier circuit board assembly
which used the same TO integrated circuit as in the T2D temperature transmitter.
This amplifier board was called the Data Acquisition System (DAS) circuit
assembly. In this application the TO was assembled in a "Quad" ceramic package
in order to "pin-out" more of the functions designed into the TO IC. Information
such as heart rate, activity, EMG information, etc, could be conditioned, reduced to
numbers, and stored in a logging memory in the uCtl assembly. This information
could then be routed to the uCtl for relay back to the remote medical base station.

Radio Relay In the radio relay mode, the upRCtl side was programmed to receive
data from up to fifty different Man-Pack transmitters and to retransmit the data
packets to a remote Base Station. In this way the transmit range of the Man-Pack
~ transmitters of each soldier could be extended to cover a wider area.

Base Station In the Base Station mode, the pRCtl IC was programmed to receive
data from up to fifty different Man-Pack or Radio Relay transmitters and to
convert the received data to an RS232C format which was then sent to WRAIR-
supplied personal computers for analysis and storage.

10



Operating Software The operating software which was developed in Phase II was
written in the machine code specific to the Motorola uC ICs in the pRCtl and
pDCtl assemblies, via a special software compiler program. The software modules
were written to configure the TR6B with the various operating functions previously
mentioned. |

In Phase III, the software modules which had been written by KI personnel were
transferred to WRAIR with the necessary KI consultation and support required to
train WRAIR personnel in their operation.

Xilinx Pr mmabl ic Array Both the R and uD assemblies were designed
to be flexible in operation so as to permit WRAIR personnel to adapt the systems
to changing requirements, without the necessity of returning them to KI for rework
or redesign. This was accomplished by designing-in the Motorola programmable
pCs, and the software programmable logic array from Xilinx.

The Xilinx IC permitted KI designers to reduce the number of digital ICs which
would have normally been required in a design of this complexity by incorporating
them into the Xilinx IC. This had the additional benefit of allowing for future
"hardware" design changes by simply reprogramming the array. Thus the TR6B
system allowed for the evolution of the product and its applications without the
need to send the units back to the manufacturer.

uRCtl The uRCtl subassembly functioned as the controller for the communications
side of the TR6B. It controlled the tuning, transmit, and receive modes of the
TXR transceiver subassembly, transferred data from the uDCtl section of the
assembly, and could communicate with the "outside world" via RF carrier or
conventional RS232C wired cables.

The assembly was packaged as a two-sided, multilayer surface mount printed circuit
assembly (surface mount components soldered to both sides of the circuit card) to
optimize density/area utilization. Surface mount connector busses at either end
and both sides of the assembly connected the uRCtl to other circuit assemblies and
to the outside world. Flexibility was designed-in by incorporating a uC and
software programmable logic array into the design.
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TXR The transceiver (Transmitter/Receiver or TXR) was a miniature, varactor-
tuned module capable of tuning from 87 to 110 MHz under control by the uRCtl
circuit. The receiver could process both amplitude and frequency information from
a received signal. As a result, the TXR could receive both AM RF pulse mode
signals from T2D pills and FM Frequency Shift Keyed (FSK) RF information from
Man-Pack and Relay Stations.

In the receive mode, the TXR performed the task of converting RF signals from
one or more ingestible pills into a digital output which was routed to the uRCtl
for data reduction. In the transmit mode, digital modulation from the pRCt] was
processed and transmitted as high-level FM FSK signals.

This assembly was also designed as a 2-sided, multilayer surface mount printed
circuit assembly with the transmitter on one side of the board and the receiver on
the other side. Appropriate shielding was employed to shield the transceiver
sections from each other, and from the effects of the RF transmitter.

Power Supply Unregulated DC power was supplied to the TR6B from an external
battery pack. The power supply part of the uR Assembly provided regulated power
to the entire TR6B. The power supply provided a number of different isolated and
regulated power supply busses and reference voltages which were used to power
and bias the circuits in the TR6B. In order to increase battery life, extensive use
was made of switch-mode voltage regulators and voltage converters. Conversion
power efficiencies of about 85% were achieved using this design, about twice what
could have been realized with conventional linear voltage regulators.

This assembly was also designed as a two-sided, multilayer surface mount and
through-hole printed circuit assembly. Extensive ground and power planes were
incorporated to virtually eliminate the noise effects of the switch-mode regulators
elsewhere on the rest of the TR6B assembly.

uDCtl The uDCtl subassembly functioned as the controller for the DAS portion of
the TR6B. It controlled the sampling format of the analog multiplexer on the DAS
board, performed analog to digital conversion of the multiplexed signals via an
on-board A-to-D circuit, measured and reduced the digitized signals to numeric
equivalents, and stored the data in the logging memory for subsequent relay to the
Base Station via the TXR. The uDCtl subassembly could communicate with the
outside world via the uR TXR or conventional RS232C wired cables.

The pDCtl was also packaged as a two-sided, multilayer surface mount printed
circuit assembly. Surface mount connectors at either end and both sides of the
assembly connected the uDCitl to other circuit assemblies and to the outside world.
Flexibility was designed-in by incorporating a software programmable logic array.

12



Logging Memory

The logging memory subassembly was incorporated into the uD subassembly to
provide temporary "mass storage" for the reduced data from the uRCtl and uDCtl
uCs. The design used two 32K x 8 bit upower static RAM ICs with appropriate
steering logic to create 64K bytes of memory. This assembly was also packaged as
a single-sided, multilayer surface mount circuit assembly, with surface mount
connection to other circuit assemblies.

Amplifier/Multiplexer/Encoder The Data Acquisition Subassembly (DAS)

performed the function of conditioning up to six channels of analog information for
interface to the uDCtl A-to-D converter. Circuits on the DAS board provided
differential amplification and signal conditioning of small signal inputs such as
ECG and EMG biopotentials, as well as providing pulsatile excitation and
amplification for devices such as pressure or temperature sensors. (Pulsatile power
and signal processing for sensors was used where necessary in order to extend
battery life.) The signal conditioning functions were performed by the TO ICs,
which were packaged as Quad Ceramic devices for use in the DAS.

The DAS board also incorporated a narrow-bandpass 17 Hz filter, used to extract a
heart-rate pulse from the ECG signals. The heart rate pulse was subsequently
counted by the uDCtl and stored in the logging memory for packet transmission to
the Base Station.

This assembly was also packaged as a two-sided, multilayer surface mount printed
circuit assembly. Surface mount connector busses on both sides of the assembly
connected the DAS to other circuit assemblies.

A10 Activity Accelerometer A single output, multi-axis accelerometer was
designed to be mounted within the case of the TR6B to provide a qualitative
indication of soldier activity. In this way, medical staff could correlate temperature
and heart rate information with activity information.

The one-channel, non-directional accelerometer (an off-balance mass mounted on a
single, strain-gaged, cantilever beam) was designed to be sensitive to motion in any
direction. A Poisson-type half-bridge was employed so both semiconductor strain
gages could be mounted on the same side of the cantilever beam, thus increasing
the simplicity and hence reliability of the assembly. Added to this device was
circuitry to produce and amplify the resultant electrical signal.

Excitation for the accelerometer was provided by one of the TO instrument
amplifiers on the DAS card. The differential signal from the accelerometer was
conditioned, quantified by the uDCtl, and stored in the logging memory for packet
transmission to the Base Station.

13



4.0

4.1

4.2

4.3

k /Auxili in le An auxiliary battery pack was designed to
provide power to the TR6B and to house a hand-held computer which was selected
by WRAIR personnel. The computer was purchased at WRAIR request by KI and

‘modified to WRAIR specifications for installation in the battery pack.

Post Phase III: Additional Developments.

Several developments which occurred after the completion of the shipment of
Phase III hardware are discussed below:

Operations and Techical Manuals Considerable effort was expended in explaining
the Phase III hardware theory of operation, and collecting, upgrading and
forwarding system schematics both to the WRAIR COTR and Research Triangle
Institute (RTI) personnel. This effort was in support of an RTI, WRAIR-funded,
preparation of CDUSS Operations and Technical Manuals, hereby appended.
These manuals supported post-contract software and hardware changes made by
WRAIR after delivery of all Phase III hardware, as well as relevant portions of the
hardware furnished in the original KI Phase III effort.

FDA Application At the request of WRAIR, and in collaboration with WRAIR’s
considerable study and effort, KI submitted an FDA 510K application for pill
approval. Though the application requested approval of the pill alone, independent
of any specific radio receiver, the FDA required both hardware and software
approval of the TR6B Receiver and its operating software. As TR6B operating
software was no longer under KI purview and, further, could be and had to be
capable of being revised at WRAIR’s will, as operating circumstances required,
both WRAIR and KI were in a Catch 22 situation, unable to comply with FDA
requirements that 510(k) documentation and approval should precede any
operational changes. Hence, KI's 510(k) application was allowed to expire.

Relevant portions of the FDA application are appended as a useful overview of pill
operation and history.

Low Cost Pill At WRAIR’s request, KI investigated whether commercially
available improvements in the miniaturization and availability of complex surface
mount electronic components permitted KI's redesign of the pill without the use of
a custom IC. This effort was desireable as minimum production runs of the custom
IC had been increased and the cost of moderate changes thereto were becoming
prohibitively expensive. The investigation and subsequent redesign effort was
successful and resulted in a lower cost device with a smaller overall size than
previously attained. Several lots of such pills have since been procured by the
Army, with good field results.
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4.4

4.5

Higher Frequency Operation For another government project, both the pill and
the receiving apparatus have been redesigned to operate in the 176-214 MHz

commercial TV band. (The CDUSS program utilized the 88-108 MHz commercial
FM band.) The higher frequencies of the TV band permit greater efficiencies for
the necessarily short Man-Pack antennae. In addition, commercial broadcast RF-
quiet regions are easier to find (see TR8 Receiver discussion, below).

Base Station RF Receiver The equivalent of the CDUSS Program TRS Base
Station Receiver is now available in Dual-TR8 Receivers, packaged so that up to
two such receivers (four receiver channels in all) can be inserted in two PC
half-height hard disc drive bays. Accessory receiver electronics (demodulators,
controllers, etc.) are now packaged as expansion card plug-ins, minimizing external
PC Base Station connections. Note: This equipment operates in the 176 to 214
MHz TV broadcast band, not the 88 -108 FM radio broadcast band for the original
Phase III CDUSS equipment.

Controlling software (open to the user) is written in Quick Basic, permitting ready
field changes if desired. Various versions of the software permits keyboard control
of zero (baseline), gain, low and high end frequency roll-offs, plus programmable
receiver frequency hopping. This software also includes a spectrum analyzer,
permitting on-site, computer screen displayed, visual assessment of RF quiet
regions in military field exercise locations.

Similarly, an expanded-capability version of the uR has been developed
incorporating two-way voice communication, Base Station RF programming control
of individual Man-Pack-equivalent data channel sampling frequencies, frequency
roll-offs, and gains, and additional type of sensor input channels. This further
development has also been designed and built in modular form, as was the TR6B,
so that in future applications investigators can pick and choose functions and
modules to be system-integrated as operational tasks require.
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5.0 Conclusion

Equipment for ambulatory monitoring of troops in the field, measuring deep body
temperature, skin and/or internal suit temperature, heart rate (ECG derived), and
activity has been developed. The equipment includes an ingestible temperature pill
RF transmitter, body mounted electronics (Man-Pack) to acquire, process and/or
store sensor-obtained data, and to transmit such information to Relay and/or Base
Stations up to one mile away. Relay and/or Base Stations are software-
reconfigured versions of Man-Pack modules, with additional battery, antenna,
keyboard-control and display capabilities. The system design permits up to fifty
individuals within a one-square mile area of uneven terrain to be monitored by one
Base Station with appropriately placed Relay Stations. System design is modular,
so various configurations of Man-Packs, Relay Stations, or Base Stations are
possible. The system, in various Man-Pack configurations built from KI furnished
Phase III modules, has worked well in field exercises.

Recommendations for the future would be conversion of Man-Pack, Relay Station

or Base Station RF modules to the 176-214 MHz band, thus increasing antennae
efficiency, and taking advantage of the TR8 software programmable capabilities.
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1.0

1.1

1.3

Statement of The Problem

The general problems as stated in the contracty is a safes reliable means of protecting test
subjert safety by monitoring the test subject’'s thermoregulation while the subject is
wearing a chemical defense suits either on simulated maneuvers or participating in a
prophylactic drug sCreening program,

The specific requirements of the contract are adequately set forth therein. In thiz analysis
we set forth in general terms (Statement of the Problem) and then again 1n more specific
terms (Analytic Solutinn) our breakdown in terms of the separate fuactional tasksy as we se2
themy and the spacific solutions that we envizage.

Primary and Secondary Sensors

We propnse a dispasab]e ingestible radiotelemetry pilly to monitor core body temperaturey as
our primary senzor. Secondary sensors will be ECG elostrodesy a tri-axially senzitive
actigraph (accelerometer)s an internal suit temperature senzury and sevaral spare
biopotential and/or transducer data acaquiszition channels,

The principal problems in sensor design are safety (hence no innzr ear temperature sensarsh
comfart and coultueal acceptability (hence no reuseable pills or rectal Lemperature probesis
immunity to movement artifact (hen:e waterpronf sensors and interconnechs and capacitative
ECG electrodes)y and freedom from encumbrance (hence strong design effort to confipe ail
external sensorss their interconnectsy and the electronic package to miniaturizeds light

weight units mounted on or very cloze %o 4 Sam Browne belt).

Secandary problems are that units be easy o use and Jifficedt %o mizuzze and reauira ltikttle

ar no fiald sepvice or logrshic suppoi k.
Data Acauizition

Data acquisition must include means of telemetrically acquiring the ingestible pill
transmissiony regardless of its position or orientation 1n the bodyr and the abitity o
monitor more than one pill at the same timesr if need bes without confounding the systza.

Data acquisition must also be capabla of monitoring up to seven channels of datay four ot
which are dedicated (core temperatures suit temperatuyres activity monitory and ECG). The
core temaspatiyre channel may monitor more than one transmitter: 1t i5 nevertheless
clasziried as one channel with perhaps more than one input. The three undedicated channel:z
may be uied for parallel instrumentation efforts in early phasas of the developmant programs
to help determine optimum locations of actigraphy ECG lead pairy or suit air temperature
sensor by comparing standard with more convenient (packagingy less parzonnel ancumbering)
Incations,

Data Interpretation

The primary means of data interpretation will be a pre-arranged algorithmy inserted into the
electronic package computery which will determine the several degrees of danger being
encount2red,  The problems of algorithm development may be summarized as:

The information disclosed herein was originated
by and is the property of Komigsberg Instruments,
Inc. and except for rights expressy grantad to the
U. S. Government, Kongsberg Instruments, inc.
resarves all patent, proprietary, design, use, sale,
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1.3 Data Interpretation (con't)

1.4

-

-

(W4

a. Missions may be differenty and a2 low exercise arctic experience may have different
requirements than a tropic environment with a high-exertion content. We call this a Mission
Calibration Factor (MCF) and each CDUSS unif may be thus programmed. For the present
programy only one MCF will be developed.

b. Individuals (or equipages) may be Jifferent and the contract zpacifically calls for a
Syt Calibratien Factor (SCFi.  This will permit the algorithm corstants to ba chapged for

particular individuals.

[
criteria set forth in the Contract is easily done. The datermination a: fu wb2tber ar
algorithm is suitable depends on several factors., The highest priority needs to be given fo
satetyy but the optimum sensor weighting mixy the establishment of sevaral levels of alarm
and the allewance of easy modification of the algorithm in early trials must be given high

The specification of an adequate algorithm remains to be Jetermined, cmploying thz

priority consideration.
Data Storage

The contract requirement is that the equipage must be able fo monitor the time course of
events. Several parallel methods are to be employedt a so'id sfta%e recopder with threa days
capacitys an electronic output compatible with WRAIR body mountable tape recorderzy  and
(desireable) the abiiity o transmit full data or compressed indices thzreof to Baze. The
primary requirements apart from data storages is reliability and low power consumption.

Data Tranamizzion

The requirement is that RF data transmiszion to Base mush cover a one mile radiuz anpd mnust
ta abla o cosae with Jifficult terrann, This makes the nwse of radio repeabers neceszdly.
Ai1 transmissions ne2d to be coded so that the specific idantity of the test sabject 13
teansmitted along with data and alarm statusy if existent,

& ocorollary of data transmizsion is cadio location. In the event of an alarm shtatusz: a

tronper’s wohorts or the Base must bz able to lacate the test subject at rizk.

Thus data transmission involves not only a suit trapsmitters but a repeatery a radin
Tocatory and base station rcapability., Up to 5@ units may be transmittings and all
transmizsions will need to be 1dentifiables yet should cConserve RF zpevirum and i ..
interfare with each other.

Paze Station

The primary requirement of the base station is that it be able to display the status of 50
test subjects. The greatest degree of flexibility in data presentation is desireables to
permit field commanders to select those parameter displays most meaningful to them for
particutar missions. We propose a PC based displayr using a portable computers permitting
both audiv and visual display format withuut affecting basic signal conditioning equipment
which can remain constant for all missions.

The Information disclosed herein was originated
by and is the property of Konigsberg, Instruments,
Inc. and except for rights expressyy granted to the
U. S. Government, Konigsberg, 1~ truments, Inc.
reserves all patent, proprietar ;. «lesigh, use, sale,
macufacturing and reproduction ~phts theretQ.
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2.0 Auxiliary Statement of the Problem

Section 1.8 has dealt with the sensory data acquisitiony data storages data transmission
and information display Statement of the Problem. These are basically physziological and/or
engineering concerns, There are a2 whole class of ather problemsy equally importanty which
apply to the itaboratory or field mititary environmenty and which must be considered.

2.1 Logistics

The primary problem is that of the pill itself., Even though the pill need only be
operational for three days» and test programs may only run a few weeks or monthsy fime deiay
problems inherent in procurements storages transhipments ek, dictake that the Vife cycle of
the pil! be longy on2 year at 4 minimum. : ’

=

Training and Servicing

"~

The CDUSS is a specialty item to be produced in limited quantities. It may be that it will
find other appiications for military and/or civilian usages but that eventuality ramainz to
be established,

Accordinglyr it seems prudent to make the operation of the unit as simple as possibles
surtable for use by non-technicaily-oriented peopler requiring minimal training few or nw
adjustments 1n the fieldr save in senivr-level reprogramming capability or in battery
replacement,

To this ands the equipment should be self checkings both for interconnectss sensor and pill
spz-abtional statuse and RF transmit/receive and compuber cpzrationzl shabusy with adesuats
alerts ko the uyser of e<iztence and nature of wperatinonal deficienciesy 1f any.

2.3 Ganerality and Reerocurement
4 concomitant of the legisticsy training and servicing requirements are the problens of
reprocyrementy spares planningr and base (or factory) maintenance of equipment.
Physinlogical instrumentation program requirements may changer may be iimited in scoper et

v in

ideally should be addrassable by variations of the same st of instrumentatiow ziemzn
an altered system configuration. ‘

We see the following desiderata tor this class of equipment:

a. The RF Receivers and Transmitters should be software controilable to be either body
mounted pill receivers and 1ong range transmittersy of repeater stationsy Laze stations, or
radio locators.

b. Sufficient generality should be built into the signal conditioning IC's so that the same
device can work for a variaty of biopotential sensors (ECG/ENG/EEG) or transducers
(activityy temperaturer pressure)s depending on simple external programming by passive
components,

c. Sufficient generality should be built into the data acquisition sgstem so that the
number and frequency response of its data channels are extarnally programmable by passive
companents,

The inforrastion disclosed hercin was originated
by and is the property of Konigsber, Instruments,
Inc. and evzent for riohte earasayy granted to the
U. 3. Gove it 0t Wy mabe dastruments, Inc.
resarves o1t rojietiry, design, use, sale,
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2.4 Environmental Specifications

oo

The contract calls for the standard military environmental requirements suitable for field
uyse. No requirement seems difficult except for high temperature storage for the pill.
Batteries available in a size and type suitable for the pill may not meet the high
temperature extreme set Forth in the specifications. (We do not recommend custom battery
development,)

Effectivity

The 31zey weighty ftransmission ranges lifetimey storags capacityy eto, of the physical
hardware can be d2finady engineeredy testady and their effectivity for this mission
reasonably well evaluated,

The effoctivity of the algorithm azsessing a test subject’s phuzinlogical status is less
easy ko evaluate, A completely fail-zafe system may have Loo high an iecidence of atarms,
The predictive value of the particular senzors and their allowable combination of values
initially =hosen may be inferinr to final sensoer selechivns and their algorithm wzighting.
At this stage of the dezign and development praces:zy we would rate the effectivity of the
alarm algorithm by how readily medically evparienzed personnel can alter 1t in the
laboratory or in the tield during preliminary trials without recoursze to hardware
redevelopmant or factory reprogramming of the built-i1n Zomputer.

We would rate effectivity of the Baze display the same way! if the originally dezigned awdin
and graphics require changey the =ase with which Command can change the display format

without custom programming would be 2 good measzure of if: effectivity,

Human Use and fhe FRA

Though we are in the fortunate posifion of being an FDA-GMP approved facility and 9f hdving
daveloped a temperature pill which enjoyed a succ2ssful program in 2 prior studyy the s9c1al
climate and legislation have changed from the time of the pravieus projech and prudent
planning now requires that FDa approval be formally sought and chtarned for fthe ingesiad
devicer and perhaps alsa sought for the ather elements of the monrtoring system. '

University Review Soards as w2!l a5 WRAIR review will be wbtained far initial ftestsy which
because of time conztraints will require informed consent release tormsy buk future project
activity should include securing FDA approval tur Lo 1Rgesiible femperature prll.  We
anticipate no difficultiesy but we do expect that /ull and thorosugh Jocumentation will have
to be processed through apprepriate regulatory channelss including WRAIR suprveillanc2 of our

efforts on the program’s behalf.

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and except for rizhts expressy pranted to the
U. S. Government, Konigsberg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,
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3.0

3.1

(9]

ol

Preliminary Studies

As part of Phase Iy parallel to but not superseding this System Analysisy there is an
on-going evaluation and test program designed to take advantage of our existent technology
to pre-test significant elements of the CDUSS program prior to their embodiment in
"military” hardware. The program consists of the following elements:

Physiological Consultant Panel

4 panel waz convened at the University of Oklahoma. Outside consultants included Dr. Bill
Williamsy EPA and former NASA Scientist for the afor2mentioned temperature pill clinical
te:t programy Dr. Kenneth Dormers Director of the Universikty of Oklahoma's Graduate Program
in Exercise Physiologys and Dr. Harold Williamse Director of the Okiahoma Center fur Alcohol
and Drug Related Studies.

Apart from the Jdiscussion on temperature and temperatiure changes rate limits which should set
alarm levelsy two interesting points were developed:

2. 1t would be useful if the algorithms tentatively adopted for early z2valuation were

readily changeable by having parameters and their weighting in "spreadsheat form®,
manipulatable by an ordinary laboratory computer (University of Oklahoma has a PC~XT or

egyuivailent) by means of BASIC o € programming.

b. The expected high quality £CG’5 to be obtained should permit a PC-XT computer pattern
recogniticon program to identify deprassed ST segments. This aperoach should b2 usefel in
determining subject physiolugical tolerance limits,

A teamperatura pill with identical zize and ftransmizsion characterizhics (bafizrys
vitatory pulzs width and irnft2rvaly and transmitting ankenna configurationi ndas o2en
dJevelopred and prototype electronics fabricated., It differs from the final embodiment in that

Nz

Test: will be run ta determine in vivo the abisolute zignal zkrength of the pill and
reception requirements, (ses Raceivers below),

Diversity Rec2iver
A4 standard-hardware TR4-1 Diversity Receiver will be specially eprogrammed ko assess:
a. Signal strength of the pill before and after ingestion and Jdigestive tract traverse.

b. Whether ktrue diversity operation (two receivers) is required or whether one receiver
with computer controlled RF switching and diversity antepnae will suffice for this
application,

c. Whether ECG electrodes can also be used to acquire the RF signal or if noty or for
backup receiving capability..,. ’

4. What should be the optimum array of RF receiving antennae?

" The information disclosed herein was originated
by ard is the pronarty of Konigsberg Instruments,
Inc. and except fo: rinhts expressly granted to the
U. S, Guvoreonsr, nominsherg instrumaents, Inc.
reserves all patent, propn=tary, design, use, sale,
manufacture s and reproduction rizhts thereto.
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3.3

3.7

3.8

Diversity Receiver (:on't)

The diversity receiver has been laboratory tested for this programs so its characteristics
are well defined. Present engineering analysis shows its performance in critical parameters
can be duplicated in a smaller package suitable for the CDUS3 programy if new
state-nf-the-art components are used.

We are currently investigating the extent to which the TR4-1 wcan be controlled by a FC-XT
computary rather than by its built in uPy to give greater flexibility o the direction of
the University of Oklahoma algorithm test program.

Mylti-channel Talemetry Transmitter

A six-channels general purpnse physivingical telemetry transmitter will be used to acquire
the required CDUSS sensnr datay and also will be used £o test whether the following sensoe
options are appropriate: :

2. Wil'l a shoulder-mounted actigraph provide comparably uzeful 1nformakion on abject
activity a5 will a wrist mounted device? (The benefits of 2 Sam Zrowne Lz't mounted units
being less ancumbering o personnel and making for eazier zenzor installakbion merits

attentiofn.)
b, Will a shoulder mounted internai sullt temperature senior be ejually evfactive a3 oneé an

or near the back of the heady as srecified in the conktract? (Less encumbrances easier
inztallationsy and possibility of combination with actigraph sensor are desiderata.)

Evaluakion of aptimum SCG electende pair Iocaktionsy and evaluation of the suitability of

commercially available capacitative electrodes are planned.

Harness

4 preliminary harness will be evaluated.

Suit Interactgon

How radio-opaque is a chemical defense suits and how will it interact with recelving
antannae for the p1ll?

Human Factors

Last but definitely not leasty a human test protocol will be generateds University of
Oklahoma Review Board approval soughty an early review by WRAIR parsonnel of the proposed
test protocol plannedr and hands-on experience of the principal physiological consultant
(Dr. Kenneth Dormer) and the electronic system Project Engineer (Mr. Timothy Cushing) with
an actual suit and heat stress test situation will occur prior to the completion of Phase Il
davelopmenty allowing corpective action if necessary prior to Phase [I CDUSS unit testfing,

The information dis~losed herein was originated

by and is th- o et af W aasher Instruments,
Inc.and e 1 Cover e o1, granted to the
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4.0

4.1

System Analysis
The Temperature Pill

The basic pill will be the approximate size of a 500 mgm Vitamin C capsules and wil) have
the following design approaches.

a. One IC for the basic electronic olementsy programmable in itz bazic characteriztics
{pulse amplitudes pulse widthy puylse intervaly power output to sensory etc,) by passive
componentsy either Surface Mounted Devices (SMD’s) or laser trimmed hybrid thick film
devicesy a3 production quantities and economics dictate,

b. No on-off switches or operation adjustments of any sort, The device will last vne year,

. Encoding will be by means of Pulse Interval Ratio Modulation (PIRM)y in which two pulse
intervalsy one reprezenting temperatur2y the athep reprazenting hahtery voltagey will be
transmitted,

This i3 a more complex coding than simple Pulze Interval Modulation (PIM) heretofore
employedy and is desireable because l'ifetime of batteries iz not determinable o be
identical in a production 1ot, Since the IC needs to be as simple as possible (reliabilitys

ide writ has oea2n

yieldy sizer cosht) amd the baktery 23 small as possible {a 1.5V :zit.z2r
tentatively chosen) it is not practical to incorporate a voltage regulator in the unit. It
i5 not desirable to have to calibrate units in the field. By encoding the batfery voltages
changes in calibration due to battery voltage drop are minimized by receiver computer

[

processing.

4. The thermistor bridge will be energized by pulzatile eccitation. This i3 aot only 2
power saving stratagemy well proven in our prioe designsy but permits the use of luvwer
impedance thermistor compounds. This promises impeoved thermiztor stability and is alse less
susceptible £ calibration shifts due to high impedance sneak current paths which may
develop in ingested units,

e. All pills will radiate at approximately the zame radio frequency. The low duty cycle of
tranmission will permit several pills to be swalioweds in c2ze “hut zpot® alarms (higher
metabolic heat generation near the liver) become a problem. The receiver/computer wiil be
able to distinguiszh betweeen different pills bezausa of minor diffarences in pulse
amplitudess pulse widthsy pulse arrival timesy and transmizsion frequencies (see Computer),

f. Testing of pills priar to deployment will be on a go/nn-go basis, The choice as %o
whether this is done at depoty basey or by the user remains to be determined.

g. The pill will probably be coated with custom compounded dental epoxyacrylater and will
be disposabley eliminating the need for a recovery program.

h. The pills will radiate AM pulses in the 88 to 108 MHz FM band. This band is chosen
because transmission characteristics through body tissue in this rangesy with small antennaes
are known %o be satisfactory.

i. Problem Area: miniature batteries limit storage temperature to 77/+54 degrees C. The
Mil Spec range i3 -S51/+71 C. We recommend against special battery development at this %time.

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and ex-ert for nuh’s expressy granted to the
U. S. Governeent, Komgeharg Instruments, inc.
reserves all paient, picprietary, design, use, sale,

tyancifactee v st s arradeatian rinhita thnratn,
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4

4

£

.2

.3

The Pill Receiving Antenna

The Pill Receiving Antenna configuration will be determined in Phase I test.
The Receiver

The Receiver will be capable of receiving at two or more RF frequenciesy all in the 88-108
MHz band (one frequency for Fill AM receptions the other frequency for long rarnge FM
transmission). A broadband RF first stages and a switchable inpﬁt through bandpass networks
willy with proper computer programmings permit the receiver to be used either a3 a3 Pill
Receivers a Retransmittery a Base Station Receivers or a Radiuvlocator., This will achieve
economy in designy and certainly in Iogistics. A receiver can be reprogrammed to other taszks
by selecting its frequency of operationy supplying it with an apprupriate antenniay and
directing it to uze one or another of its built-in computer controlled operation programs.

Among the features of the computer control of Receiver operatinn will be the following:
2. Sample and nold circuitry for AFC and AGC for a particular pill (see belowi.

b.. Storage of pill characteristics (pulse widthy amplitudes arrival times %ransmission
fraquanry) to enabl2 assignment of AGC and AFC values to a particular pill when more Lnaf
wne pill is being monitored.

. Sample and hold of pill signal strength and signal to noise ratio for each antenna
empinyedy so that an RF Switch can deplvoy the hest ankenna for temperature information

acauisition,

4. Alerting the user to the lack of usable signaly whether irom equipment failure (piliy
antannaey external noisey other)y lack of ingestiony excretion (fatectabls by an aigarithm
referring pil) teomperature to suit temperature)s op poor pill orientation,

e. Receiver self-monitoring for RF sensitivity through 1ts antenna link (a continuous

“housekeeping” function 1n between data acauizition).

f.  Rereiver monitoring of the F¥ s1gnal strength of 115 long dizktance transmitter (another
*housekeeping” funztion). .

The Data Acquisiktion System

This unit is comprised of two integrated circuitsy one a 146 channel custom malniyame
{(prototype PIM IC now in housey ready for avaluation)y programmable for any number »f
channels (1 to 16) working in conjunction with x commercially availabie IC 16 channel

multiplexer,

The mainframe has built-in over- and under-range limitsy framingy zero and gain references
voltage regulations and is modifiable for pulse widthy nominal (zern signal) pulse intervai
and other functions by the use of passive components. The mainframe can alse be externally
programmed by passive components £o super-commutate or sub-commutate its 16 channelss as the
user may electy for power saving or high frequency response characteristics., The mainframe
can also direct amplifier modules to supply pulsatile excitation o straln gage or
thermistor based transducers and sensors. '

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and except for rights expres:\. aranted to the
U. S. Government, Konigsber:, atruments, Inc.
reserves all patant, proprietary s, use, sale,

rIorraratn
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4.4 The Data Acquisition System (con’t)

The principal problem area for the mainframe is its PIM operationy which is not suitable for
feeding a data stream %o a computer. The mainframe can be modified to Pulse Width Modulation
(PWM) in which the interval between channels is constant (good for computer handling)y and
data is encoded by the width of a puylsey within the fixed channel limits+ whether by AM or
Frequency Shift Keyed (FSK) FM modulation,

In its present embodimenty the PIM mainframe draws lass than 1 mA from a 3 V supply. The
prime reason for the flexible programmability of the mainframe is so that new
instrumentation systems need not be devised for a change in experiment design. The edonumics
even of semi-custom IC devices are suych that small production runs are prohibitively
axpansive or simply not accepted by typical IC semi-custom houses. One yuasi-univar:al
design sidesteps this commercial constraint, '

Transducer Driver/Signal Amplifier

&~
-
(%))

For the sake of generality (see discussion above) one semi-custom IC wiil be able to be used
For biopntential sigrals {(EC3y ZEGy £MGy EOCG)y or transducer excitation and oubput
amplification (prezzurey accelerationy temperaturey force). The [C wi'l! b2 programmable by
means of passive outboard components for gainy high frequency roll offy low frequency (to
2C) rolli-offy and pulsatile excitation duration and levels. The unit 15 a low nolse devices
a working breadboard already exists.

4.6 Long Range Transmitter

This transmitter will be identical in both the CDUSS suit zystzms and th:2 repeate ztations,
The differemce will be in the trasmitting antennae. The suif antenna wiily of necessityy be

zmaller.

Depending on the RF opacity and/or conductivity of the Chemical Defenze Swity and available
power for the transmittery kthe belt/suit mountéd antenna configuration remains to be
determined.

411 Suit long range transmitters wiil be crystal controlled and will transmift at the zame
frequency, Bacause there are many (5@) unitsy it is impractical to dedicate zhannals for
each transmitter, This would require narrow band FM to place many channels in the target
bandy would require each unit o be unigquely tuned or programmeds and would require system
syitching to bands other than those for which there are existing designs and experience.

Many transmitters on the same channel avoid the above prablems but require a crash aveidance
protocols

a. There would be pseudo random transmission packet timingy to prevent synchronous
interferencze between different Suit transmissions,

b. Transmission would be in the form of low duty cycle burstsy with transmitter
identificationy datay and possibly error coding 1n each burst.

The information disctosed herein was originated
by and is the property of Konigsberg Instruments,
inc..and except for rights expressy granted to the
U. S. Governiment, Konigsberg instruments, Inc.
rescrves all palent,propnetary,deggn,use.sde,

prrs famsin o ant apendustan richts tharato.
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4.6 Long Range Transmitter (con't)

~d

4

FS
ae]

&,9

c. Physiologically NORMAL transmission would occupy 1/2000 of individual transmitter time
or 2.5% of total available transmission time (5@ channels x 1/2000 = ,025). RISK
transmissions would be at 1/666 of individual transmitter time or 7.5% of total time if all
channels were at risk (unlikely)y and CRITICAL transmissions would be at 1/200 of individual
transmission time or 254 of total time (extremely unlikely)y even if all 5@ channels were
ceitical,  Thus crash aveidance could be maintained and yet give priorities in transmission
ko test subjects at risk.

The Repeater Stations and the Base Stations would use similar packet-style protacols to
radyce redundant channel demands. Repeater Stations might use a different frequency to
transmit to the Base Stationy ory alternativelys store packet information and transmit to
the Base Station in "quiet" time between Suit packet arrivals. The optimum protocol will be
determined.

Computer

The same compuier can be used in different operational modesy for differsnt tazks. The
priobable storage wcapacity of cComenier EEPROM plus ROM memory can probably accomcdate
programs for all tasks in the same unit., The relative advantages of universality (all unifs
have all programs and support ai: dmewury requirementsy requiving only task selechioni versus
specificity (each unit i5 programmed only for what it needs for its functiony with unused
capacity in reserve for presently unknown requirements) remains o be established. Because
computer usage is 3o intertwined with function and azzociated hardwarey it is advantageous
tn describe it in terms of multiple usage. This discuzsion is deferred unkil the system

dezepiption 1z complete.

Repeaters

Sach suit unit must communicate across unknown terrain.  One or mors repeaters amay be
required to illuminate terrain RF shadows. The system must provide for multiple paths %o the
base ztation. The Repeaters will essentially be Suit devicesy nut needing specific pill
reception and instrument decoding or algorithm processingy bub requiring distinct antanna
designy packet recognitiens and signal buffering. These hardware and software distinctions
are szet tforth in a comparison table elsewhere below.

Locators

Lacators are required to locate distressed (o 12:.) cohorts. As with Repeatersy these
es5entially may be Suit devicesy without the special Suit hardware and software generally
described aboves but requiring a portable directional antennas a packet recognition
algorithim (s» the Locator only “listens® for the transmitter scught) and a signal strength
audio feedbacks for operator control., These hardware and software diztinctions are set forth
in a comparisan table elsewherey below.

" The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
inc. and except for rights expressly granted to the
U. S. Government, Konigsberg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,
manafattunng and reproduction rights thereto.
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4.10 Base Station
The field base station should be capable of displaying alarm conditionssy and preferably
personnel and equipment statusy of all 5@ transmitting systems. The display system should
show more than alarms alone if medical judgment at base is to be capable of overriding CDUSS
computer judgment (whataver the judgment). Since algorithms have not been testedy and it is
not clear what data or indices are most useful for transmission to base without overcrowding
the RF spectrumy 1t i5 vital that the proposed base display allow for easy reconfiguring by
any computer operating personnel based on standard (IBM-PC) personal computer operation.
This zould allow for deluxe graprhicsy post processing of data if requiredy and ready output
of data to mass storage i desired.

4.11 Diverse Equipment With A Single Basic Instrument

The system we describe has a multitude of functionzs as nnted abovey yet many functions have
commonality in both hardware and software. A brief summary follows:

a. Tranceiver hardware/software
Receiver for suifts, repeaters) iocatursy and base
Transmitter for suity repeaters (opticnal for locaterss base)
Packet protocnl for suitsy repeatersy iocators and base

b. Data processingy daka storager and information disposition
Processing for suit (algorithm)s base (cata conditioning)s locators (feedback)
Data storage for suit time course of data (3 - day)s repeaters (packe® buffer)
Routing for suit data (transmittery storagz. taper signal conditioning)y Repeaters
(transmittersy buffersy dJata storage)s Locators (Ffeedback)s and Paze (data

conditinningy terminal display)

User Interfacing

[a]
.

Controls for suits (SCFy flags)y Repeaters {(configurations)y Locators (subject searching
far)y Base (configuration of Display)

Display for suits (self-testy, operating status)y and operating indicators For others
npperative systems.

Ports for the uC for suits (computer configuration such as for MCF)y» Base (PC terminal
interaction).

Antennae connectorsy switchess possibly antennae boosters for suitsy repeatersy
locatorsy and base.

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and excent for rights expressly granted to the
U. S. Government, Konigsherg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,

manutastuniepe o sanecdyction ninhts thareta,
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4,11 Diverse Equipment With a Single Basic Instrument (ion't)

d.

The hardware/software not common to multiple functions are zmally and are mostly in the
suiti

Spercial pulze-processing for pill reception (software’s hardware used for packets)

Tunable receiver to allow for pill RF frequency variations (as oppesed o selectable
frequency channal receiver for all other equipment)

Miltichannel arnalog data acquisition and encoeding (for bio=-3ignais)

Multichanne!l analog data outputs fop tape (though this feature may be wseful for Lhe
baze station)

Three day memory capacity (repeater needz oniy about 137 of this fpr data buffering).
Spercific softwar2 algorithms?

Suit: Pill processings hin-monitoring/alarms; packet transmission and timing
Locater? Packet discrimination and signal strength feedback

Repeater! Packet discrimination and packet buffering until retransmizsion

Basze: Packet discrimination and data decoding

Speci1fic accessory differences: |

Suit: Pill receiving antennasy ECS leads» actigraphsy temperatur2 s2nsor: zmall long

Locator: Directional antennas audin signal strenghh fezdback
Repeater? High gain receiving antennae pair trapzmitting antanna
Base? High gain receiving antennae pairy VDT (vides dizplay termipals

The inclusion of ALL software modyles in each unit requires at most an auxiliary ROM
dovice for all szpecfic usage application (each application separately addrezsablel.

4C's are ESPROM and -an bootstrap any of the ROM stored operakion modez into the main

program area.
The ROM module is small compared to the overall suit requirsments

The EEFROM can assure adequate overhead capacity at almest anry desired tavel,

The information disclosed herein was originated
by and is the propzrty of Konigsbarg Instruiments,
Inc. and except ior nghts expressy prantad to the
U. S. Government, Xomgsherg lnstruments, Inc.
reserves all patent, proprietary, design, use, sale,
manufacturing and reprodu-ton nights thereto
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f. The suit harduare provides functional capability to fill all other harduare needs.
Accessories are all detachabley s¢ can be changed as needed
Suit requir=zments are overkill fop other application: but will none-the-lass do
Detachable hardware modules (precordery batteriesy et:) are uzeable or removatble

g. Some constraints multi-purpose integration inkto all unifts 1mpoze:
Receiver selectivity hardware must cover oae broad (or two narrow) bands. We believe a
switech band-select filter more cconomic than an addition2lly dezigned fixed frequancy

- receiver,

Pulse acquisition hardware/software must accomndate shorty rare pulzes {(pill) as well as
tong more frequent pulses (packats),

Hore complex range control on time measures! the tazking zhructure for equipment
speration menitoring 13 confined o short “ousy™ periods
antennae are probablu of d1fferent characteristicss depending on tasks hence the
lvading/matchong of components wiil have to be bulit in as part of the aciessory

antenna.

411 operating program configurations can be stered intzrnal to a ROM memory and wiil
have +o be selected by manwual keys/switches by the uwier, Hizraprchical user access 9

determin: "made” it mzy be ra2quirad,

Configuratinnz can be lwaded from base terminal {via serial port or enhanced RF linki.

fe The beaefits of all functions contained in one zuit-unit are:

I will allow a CD wser to acht as a locator (if fwgistacs permit),

The development program staft and the COTR will have to consider trade-offs batween
breaching the suit t9 connect a Direcktion Finding (DF) antenna to the Suik Receivers versus
the procurement of an extra Receiver for Radin Lecation equipment. Only those persannel
carrying OF antennas can act az locators (but the artenna is celabively low-aost),

With 3 single basic instrumenty only one major c.2.e of hardware need be developed and
prodyced. Thisz avoids the expense of packaging multiple devicesy and alsy avelds the cost of
produczing only a few special units,

Only one piece of hardware need be maintained and operated. This avoids traing troops on
multiple equipment. Any working unit can be substituted for any malfunctioning unit.
Only a single operating manual would be required for the entire system (avoiding
redundancy), Most importantlyy it would eliminate a "single-point-failure®

(Base) crashing the eantire system until 1% was repaired,

The information disclosed herein was originated
by and is the proparty of Konigsberg Instruments,
tnc. and except for nghts expressly granted to the
U. S. Government, Konigsberg instruments, Inc.
reserves all patent, proprietary, design, use, sale,
wanufacturing and reproduction rights thereto. )
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4,12 Algorithm

We have left the algorithm for last in the analytical solution discussion becauses
essentiallyy this i3 a medical and physiologicaly rather than an engineering or
computational problenm, Our sbjective will be to have a simple fail safe algorithm,
embndying at least the specific requirements of the Contract. However we believe the

" purposes of the program will best be served by providing the "spread sheet® capabilities of
a PC controlled algorithm in the early test stagesy monitoring actual subject exertion:
whil2 observed by medical and physiological personnely with the results recorded on-lines
hard copy and tape recorder monitored for all channelsy with algorithms easily varied by
operating personne) to find a good match between theory and medically and physiolagically
qualified observation.

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and except for rights expressyy granted to the
U. S. Governmant, Konigsberg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,
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5.0 System Details and Block Diagrams

5.1

Field View of System (Fig. B1085010):

2.

Base stationy for field medics with readout/display of user status transmissions
Uses basic Suit unity a field-base antenna and portable computar processing and display.

Repeater station(s) as required by terrainy to relay uszer transmissions from RF
shadowed areas

Uses basic Suit unity set to Repeater modes with high-gain omni-directional receiving
antennae

Locator units to allow direction finding to users as needed

Uses basic Suit unity set to Locator mnder with directiopal (8uagi) antenna

Suit unitsy o monitor User thermoregulatorg condition and ftranzmit status to medics
Thermoregulatory algorithm operating in real-time in each Suit unit

Temperature Pills to transmit core temperatureé to the Suit unit

Dispnsable pill-transmittersy taken as needed (prompted by Suit unit)

The information disclosed herein was originated
by and is the pronerty of Konigsberg Instruments,
Inc. and ex~ept for rights expressy granted to the
U. S. Government, Komgsbarg instruments, Inc.
reserves all patent, preprietary, Jdesign, use, sale,
manufacturing and reproductic: nghts thereto.
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5.2 Detail of field base equipment (no Fig.)

.

d.

High-gain (directionaly if single Repeater unit) antenna for optimum reception
Use of antenna boostersy efc.» may improve overall performance (should not be necessary)

Suit unit (in Field Base mode) for receiver and packet processing (see Repeaters below)

Outputs Suit indentification and data for each transmission received toutput via serial
port)

Portable (Mil Qual?) computer (IBM PC/AT compatible) %o process Suit identifcétion
packages

Video display of terminal (PC) provides viewing of Suit status information
PC terminal can be readily programmed for viewing in format desirad by customer

Large capacity (tape) recording units may be used o collect Suit statuss dakay et

5.3 Detail of Repeater operatinn (no Fig.)

a.

High-gain omni-directional antennae cair mounted for optimum coverage
Use of antenna boostersy ets.» may improve overall performance (should not be necessary}
Suit unit (in Repeater mode) for receivers transmitters and packet processing?

Communication link between Suits and Fisld Pase wses singla RF frequency channel for all
Suits

Suits transmit occasionallys minimal transmit duration
Repeaters discriminate channel activity for clear Suit transmiszions
Suit transmissionz accepted by Repeater are re-tramsmitted to the Field Pase

An abreviated form of military "packet® switching protocol will ensure integrity of
communication packet data,

Re-transmitting antenna(e) may be the same as receiving antennal(e)s or may be focused
for Field Base

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
tne. and except for nphts expressly granted to the
U. S. Governmient, Konigsberg Instruments, inc.
reserves all patent, proprietary, desnie, use, sale,
manufacturing and reproduction rivhts thereto.
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S.4 Detail of Locator operation (no Fig.)

a. Hand-held direction-finding antenna (probably Quagi) for discriminating location of a
Suit unit

l b. Suit unit (in Locator mode) for receivers location processings and feedback to operator

| Locator antenna must either be nutside the CD suity requiring a breach of the CDUSS unif
insides or can employ seperate CDUSS unit outside the CD suit, The breach may be in the
form of a hermetically sealed RF connector installed in the Suit,

Suit unit in Locatar mode wil) pravide auydible feedback to the operator of the signal
strength of the searched-for Suit (User)

Discrimination processing {as in the Repeater unit) will allow extraction of selected
Suit transmission trom general Packet transmission activity

The information disclosed herein was originated
by and is the property of Konigsberg tnstruments,
Inc. and except for rights expressy granted to the
U. S. Goveramont, Konigsberg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,
manufacuena and reproduction richts thereto.
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5.5 Detail of Suit equipment (Two Fig.: see listings follouing).
a., Basic Suit unit includes self-contained hardware/software (Fig. B1@5011):
Receiver with full computer control of tuningy etre.
Antenna interface for multiple and arrayed antennae
Transmittér (adequate for 1 mile) with computer contral of tuningy datar etc,
Pulse acquisition/processing capability for multiple simultanenus pill transmissions

Packet discrimination processing for required packet protocoly including Suit
identification

Data acquisition for 3 biopotentialsy 2 temperaturesy and 2 tri-axially sensitive
accelerometers

Data processing to reduce raw signals (e.g. ECGy acceleration) into bin-indicess e.g.
Heart Rate (HR)y Activity Rate (AR)

Data processing to correlate the above per a thermoregulation algorithm (real-time)

Data recording for 72 hours of compressed algorithm indices (physically removable
or "data dump" module)

Four analog output channels suitable for tape-recorder inpdts (zelectable data)
Processing to permit continuous transmission of all raw data acquired

Dispiay of operating modes unit statusy etcy (including seli-test status)

User contrnls for operating modes SCFy commands, ﬁommgntSy eto,

Audio output for alerts and Locator feedback

Serial port far Field Base and programming purpnses

The information disclosed herein was originated
by and is the propaity of Kenigsberg Instruments,
Inc. and aexcept for neats cxpressy granted to the
U. S. Govarnment, hanit=barg instruments, Inc.
resarves all patent, prop:ictary, design, use, sale,
manufacturing and reproduction rights thereto.
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5.5 Detail of Suit equipment (con’t)

b.

hccessories to Suit unit for Thermoregulatory monitoring and field usage
(Fig., B1@50Q14):

1 pair ECG electrodesy capacitative coupling type

2 each tri-axially sensitive accelerometers (1 on right wristy 1 on right shouldery for
Phase I correlation)

‘

1 each harness (antennae mounts, equipment mountsy connectorss included in a Sam Browne
style balt)

Connections for!: J-biopotential leadss 2-accelerometers» 1-Suit temperature sensors

1-Suit Electronics unit

Harness mounting for:! Suit Electronic: unity I-tape recordery l-accelerometers 1-Suit
temperature sensor

2 each/5@ direction finding antenna (prob Quagi)

B each dizposable temperature pills

The information disclosed herein was originated
by and is the projerty of Konigsberg instruments,
Inc. and except for rights expressyy granted to the
U. S. Governmant, Konigsberg Instruments, inc.
reserves all patent, proprietary, design, use, sale,
manufacturing and reproduction rights thereto.
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5.6 Detail of Thermoregulatory Algorithm (Fig. B8185@14):

b.

C.

Acquire current raw data samples: ECGy Accelerometery Core Temperatures etc.
Convert raw data history into current bin-indices?! HRy ARy Temperaturer efc,
Normalize current bio-indices into algorithm indices: Metabolicy Exertions other

Correct normalized indices for unwanted cross-effects: Temperature coefficients, User
commentsy etc, '

Extrapolate expected time course of body temperatures baced on ambient conditions
Modify risk/critical) thresholds t» allow for expected effects of present User behavior

Alert/alarm if body temperature extrapolatinon croszes modified thresholds

The information disclosed hereln was originated
by and is the proparty of Konigsberg instruments,
Inc. and except for rights expressiy granted to the
U. S. Government, Konigsberg Instruments, inc.
reserves all patent, proprietary, design, use, sale,
manufacturing and reproduction rights thereto.
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5.7 Detail of Temperature Pill System (Fig. B185012):

a.

Transmits brief RF bursts at intervals relative to temperature
Low duty cycle of RF pulses permits seveal pills on the same frequency

Transmitting frequencys pulse amplitudes pulse durations and pulse arrival time
variations between pills effectively *tag" each pulse for a specific
ingested pill

Calibration stability insured by also transmitting battery level
Computer can correct for gradual battery exhaustion

Computer can reject information from pill with inadequate battery voltage (some
*defaulf® aloorithm backup may be required in such caszes),

Stability and perhaps linearity of thermiztor influenced by bazic resistivity value
of thermisztor material

Circuit ran accomodate either high or low thermistor resiztance valuess requirements to
be determined

Modulating both endz of the rampy relative to a stable mid-points permits most
afficient use of circulitry and accomodates the limitations of micro-zized batteries
(1.5 V)

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
inc. and except for rights expressyy granted to the
U. S. Government, Konigsberg Instruments, Inc.
reserves all patent, proprietary, design, use, sale,
manufacturing and reproduction rights thereto.
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6.0 Fail-Safe Procedural Outline

Fail-operational and safety equipment (self-test)

(User installation at suit entry? reception of temperature pill} arquisition of bio-signalss
probable validity of raw datas verification of transmitting to medics; alarm integritys
software integrity (various); self-test of self-test)

d.

For safety monitorings active self-test is necessary to avoid false confidence hazards
Must operate routinely during each use to catch faults that may develop in the field

Must include at least "bottom line® checkout of each component of the algorithm?

-ECG/HR signal appear valid (check for excessive arrythmias general noises etc,)

~Core temperature indication believable (if out of ranges compare 2nd pilly pessible
time courze of “unbelievable® firzt temperature pill)

-Syit temperature indication believable (similar criteria to core temperature)

-Acceleration/Activity signal valid (check for nopes excessivey eti.)

Cherckout of senscors/connections could indicate most expected errorsy but would not
replace tha basic *signal-valid" testy zo it is not expected to be used except where a
signal is not readily available (as determined in Phasze II designl.

-A valid accelerometer electrically connected but not mecharically attached to the
harnezs or the wrist will aepear OK except for signal

~Improperly placed ECG electrades will give a legitimate signals but may not suftfice for
the algorithm

Thus zelf-tezt will be 95% software with only simple hardware allowances for tests
Transmitter may nees a power metery or may iisken for repeater/base eizho
Receiver may need a harmonic of wC clocky or may listen for repeater/base tratfic

Precizion voltage references will be needed for testing the Analoeg to Digital Conversion
(ADCY puoitions of the Data Acquisiten System (DAS)

Scaling the battery voltage to the DAS range will permit a measurement of battery
adequacy

Tape outputs will also be routable thru the DAS to verify outgoing data
(no provision for reading from the tape unit is included)

The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
inc. and except for rights expressly granted to the
U. S. Government, Konigsberg instruments, Inc.
reserves all patent, proprietary, design, use, sale,

manufacturing and reproduction rights thereto.
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6.8 Fail-Safe Procedural Outline (con't)
a. For safety monitorings active self test... (con't)

A Conputer—bperating-Properly (COP) handshake line between each uC (there will be two or
three uC’s) to supervise each other (may be 1mplementable in shared memory)

Using feedback from the visual indicators built into the Suits can shou faults in the
display (in generaly including feedback to close all otherwise “open® loops permits
tests), ’

Self-test is limited to system and function testing. It is not feasible to test in
adequate depth to reveal partial failures such as losz of any one memory bit.

b. Specifics for general power zupply and distribution

Most of the power distribution adequacy will be implied thru tests of various harduare

sections

pasic power supply (from battery) will be tested thru simple min/max comparisons thru
the uC's (on-chip) ADC (each uC has B ADC channels) . . ' i

Pattery voltage will be monitored to observe and alert to impending exhaustion

c. Specifics of basic ulC checkout

COP handshake essentially involves each uC checking-in with others at a maximum interval
Failures to ROM or uC accezs to external memory will genarally disturb the COP function i

RAM test wil} be routine read-after-write for data throughout the various algorithms
Testing can be zaldom and still. show any everall failure g

lesting of various I/0 pins will be part of pespective function test.

d. Specifics of DAS testing

The uC will output to DAC's zern/scale values: these are routed thru MUX to the T25A
encoder (A/PWM) which in turn outputs back to the uC thru its PWM/D conversion.
The full DAS loop is thus checked for proper funckiom calibration and control

Checking of the uC ADC will use zero/scale reference on spare T23A channels (the ADC’'s >
are mostly used for various internal functions)

Faults could be isolated to specific blocks by routing the DAC and MUX outputs also to
the uC ADCy for comparison with the PWM/D reading of the T25A output.

This will be done if spare ADC channels are availabler PCB layout permits, and
decign/softuare scope is not exceeded (this capability would be useful during
development and production troubleshootings but net essential to self-test for safety).

Tests of the DAS input amplifiers could be made by switching their inputs to a DAC
outputy and then passing a signal through the system. (This could test gainy frequency

filteringy etc.)

If design/software scope permits, this would aid in development and productiony but
probably would not catch any faults not observed elsewhere. (This type of test would be

fault diagnesticsy not fault supervisory.) The information disclosed herein was originated
by and is the property of Konigsberg Instruments,
Inc. and exce-t for rizhts exprescyy granted to the
U. S. Goverament, Konigsberg Instruments, Inc,

........ AWt mabant deanmrdatam: Anelrn nea enla
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6.8 Fail-Safe Procedural Outline (con't)

e.

f.

Specifics of data record testing

The four analog tape outputs will be routed (possibly switched) to the uC ADC and read
-Two or three uCs allows 1& to 24 ADC channels throughout the unit ~

Read-after-write verification of the digital record will assure its integrity

-A portion of the record will be set aside for a list of defective locations

-Since fhe digital record is updated infrequentlys a full verification is feasible

-Keeping sliding portion of redundant records (say 1@ minutes worth) would allow
detecting refrezh errors if dynamic memory is used (not needed fuor ROMs)

Specifics of wser controls/display testing

Design goal of all control being thru the keypad (for SCF) would allow test during entry
of SCF by including each key at least once (test for each at least once}

Switches not in the keypad hinder testing without user interaction (undesireable)

Uze of LEDs for display permits checking the display voltage (should be about 2.9 if ONy
B to 5 would impiy 3 faults may use ADC or simple logic levels)

LCD may be preferable for other than simple indicators: but would not readily allow
testing without user interaction (undesirable)

The information disclosed herein was originated

by and is the property of Konigsberg Instruments,
Inc. and excent for rights expressly granted to the
U. S. Governn:ent, Konigsberg Instruments, inc.
reserves all patent, proprietary, design, use, sale,

manufacturing and reproduction rights thereto.
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4.8 Fail-Safe Procedural Qutline (con’t)
9. Specifics of transceiver testing

Pasic receiver tuning and sensitivity may be tested by tuning to a selected harmonic of
the uC clock (requires a simple filter circuit and a switch to route the harmonic)

This could also permit testing the RF level meter used for pills and Locating

Routing this harmonic (at very low power) out one antenna while listening at tha other
would permit verification of the external antennae installation as well

Use of the twn uC clock harmonics would permit testing of the Receiver’s funing curves
although having the uC count the receiver's Local Oscillater (LO) output would be more
infornativey and require little additinnal hardware. '

Tests of selectivity could be made by tuning away from the harmonic and observing the
signal loss (tests channel selectivityy image rejections etc).
This would aid in development and production but is unneccessary for safety confidence

Similar test for AFCy AGCy etc.y would be of similap use.

Tests of the pulse acquisition circuitry could be made thru gating the uC harmonic
Probably desireable to ensure proper pill reception/discrimination (acquiring piulze
frequencyy durationy amplitudes and arrival timingy via sample and held circuitry)

Transmitter testing cannot use the receiver simultaneously since the receiver LO i3 ysad
for the transmitting oscillator (buffered with a power amplifier).

Could listen tor an echo from base or repeater (occurs at known time)-best but antenna
reception properties not in design criteria.

Could simply measure RF power delivered to the antenna (buf does not test antenna)

Test of LO (and hence transmit/receive tuning accuracy) can be made by counting the LO
putput (via a prascaler) to the desired accuracy (necessary to ensure tranzmitting
channel frequency precision)

The information disclosed herein was originated
by and is the proparty of Konigsberg Instruments,

Inc. and exzept for o vt equressly pranied to the
U. S. Gove.nie -.f, ieen wLord Instrnents, tne.
reserves all paiont, ., vetary, tecign, use, sale,

manufacturing and reprodactivn nights thereto.
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REPORT ON PHASE 1A SECTION 4 OF THE CDUSS SUBCONTRACT TO K.J.D. DORMER
SUBMITTED TO KONIGSBERG INSTRUMENTS ON MARCH, 1987

Final copy submitted July, 1987

OBJECTIVES: 1In the Phase 1A4.00 section of the CDUSS protocol we were to
collect data consisting of heart rate (HR), body core temperature (TC),.skin

surface (TS) or inside suit temperature‘(T ) and activity from the wrist-

suit
worn accelerometer (Act). These data were to be collected from 2 subjects
during quiesence, during exercise without the suit and during exercise while
wearing the suit. We also exercised one subject with a 37 1b. backpack on a
treadmill. The most rigorous exercise during heat stress was to take the
subject to risk conditions, that is requiring behavioral modifications in

order to prevent heat stroke or impairment of carrying on required activities

in MOP gear.

The final report was delayed because the program formula for data analysis
derived at Konigsberg Instruments was late and incompatible with the computer
at OUHSC. Calibration curves were also not performed on the telemetry pills
before shipping to OUHSC and presented some delays in determining the calibra-

tion curves for core temperature.

METHODS: Two subjects were used for the study. Carl Trout, 21 y/o male, wt.
162 1bs., ht. 69 in., no medication, was used in a previous study and had lost

weight since that previous study. Ed Loewen is a 22 y/o male, wt. 172 1lbs.,




ht. 74 in. and also not on medications. Both signed the patient consent form

and both are ROTC from the University of Oklahoma students in good physical

condition.

Loewen pill: sn 10 (93.85 Mhz)

Trout pill: sn 13 (104.99 Mhz)

We had one set of capacitative electrodes for the ECG, 2 Sam Brown belts with
the antennae, 2 accelerometers and 2 temperature probes. The core temperature
was telemetered by the T2C implantable telemetry transmitter and received by
the TR4 TD10A programmable diversity receiver. Ts and Act were hard wired
into the T41-TD8A multichannel main frame and then multiplexed into the A/D
board (IBM) prior to storage on a microcomputer (Tandy 1200 HD). The ECG was
hard-wired to a Gould Biotachometer and the heart rate obtained before enter-
ing the multiplexer for digital computation of HR. Data obtained were stored
in separate files of LabTech Notebook, PH1A400A. This file contained the
specifications for data aquisition and graphic presentation of the data. The
file was created by Tim Cushing and a copy of the file is enclosed. Data

storage files are as follows:

PH1A404 (A-F) quiescent and actively quiescent, both subjects, suited, un-

suited.

PH1A405 (A-B) treadmill exercise tolerance tests with a 37 1b. load backpack,

unsuited, both subjects.

PH1A406 (A-B) treadmill exercise tolerance tests without a load, suited both

subjects.




PH1A406C treadmill exercise tolerance test (ETT) with a load and suited, CT

only.

The ETT used was the standard Bruce protocol and the stages used were 1.7 mph

at 10% grade, 2.5/12, 3.4/14 for three minute stages.

Additional observers present were Dr. Donna Branson and assistant Maureen
Sweeney from the Textiles and Clothing Department of Oklahoma State
University. Dr. Branson worked on the chemical defense suit design and test-
ing at the Natick facility of the USkArmy. Dr. Ron Ratliff is the Director of
the Human Performance Laboratory at the University of Oklahoma, Department of
Health, Physical Education and Education. Dr. Ratliff is a co-investigator
with Dr. Dormer in related studies. Dr. Ricardo Leon, M.D. was present for

the treadmill testing to watch for subject stress.

RESULTS: Both pills were taken at 10:25 AM. C. Trout oral temp=97.1 F°: Ed

Loewen oral temp=97.3 F°.

C. Trout unsuited, quiescent, actively quiescent (data file PH1A404A) for the
first 8 minutes sat quietly in a chair, unsuited. We placed a "tic" on the
data files by flipping the cal button on the cardiotachometer. This provided
a switching transient, discernable on the data stream. Next for 8.5 min he
was walking the floor and a tic was placed before we recorded (for the last 3

minutes) the activity of suiting up. End of file (Figures 1, 3,‘4).

C. Trout suited, quiescent (data file PH1A404B). He was suited at 11:15 AM

and was quiescent while sitting in a chair. We recorded the temperature




inside the suit with a Yellow Springs thermometer also along with the voltage

out of the core temp signal. The room temp was 23.5 C (Figures 5, 7, 8).

Subject was suited up for 20 min, then a tic marks the beginning of the cool
down period (after unsuiting) that lasted 10 minutes. There was no remarkable

change in HR or temperatures.

Ts Time vout core temp
87 11:25 .121
90 11:27 .119
92 11:30 .117
93 11:33 .115

unsuited 11:35

80 11:36 .110
11:41 .108
83 11:44 .114

C. Trout suited, actively quiescent (PH1A404C), Room temp 22.3C. Suited up at
11:47 and data aquisition began within 30 sec. Now we added another Yellow

Springs thermometer for measuring the skin as well as the temperature just

under the chemical defense suit. We then added insulation (1 wool blanket) to

see if we could elevate core temperature (Figures 9, 11, 12).

T(skin) T(suit) Time vout
93 90.5 11:50 .116
93.5 92.5 11:55 .101




blanket placed over subject to add insulation

94.5 93 11:58 .094
94.5 94 12:03 .085
95 95 12:08 .089
95.2 92.2 12:12 .086
95.5 95.5 12:14 .090
95.5 96 12:17 .080

start to unsuit; oral temp 97.2 F

E. Loewen unsuited, quiescent, actively quiescent (PH1A404D). The subject was
quiescent for 8.5 min (tic in data) then aétively quiescent for 8.5 min
(another tic in data) then was suiting up for about 2 min. He was unsuited

for most of the time (Figures 2, 3, 4).

HR T T . T Time
s suit core

66-70 88.5 83 .239 12:32

69-71 83 83 .252 12:37

66-71 88.5 83 .260 12:39

68-72 87 83 .260 12:41

start quiescent active period

69-72 87 83 L2433 12:43
No remarkable changes in temperature or HR were observed during this time.
Ed Loewen suited, quiescent (PH1A404E). The subject was suited and sitting

quietly on a chair then allowed to cool down. The room temp was 72.5 F.

Started to record 3 minutes after suiting up.




HR Ts Tsuit Tcore Time
69-72 91 88 222 13:00
67-72 92 89 227 13:02
70-74  92.5 90 234 13:04
67-73 93 90 240 13:10
69-75 93 91 241 13:14
70-74 93.5 91 241 13:16
67-74 92.5 91 240 13:18

next began the cool down period

65-72 90.5. 89.5 .237 13:21
68-73 90 85.5 .228 13:24
67-72 90 86 .230 13:28

In summary the subject was. suited for 20 minutes (tic in data record) then he

cooled down for 10 min.

Ed Loewen suited, actively quiescent (PH1A404F). Subject was walking the
floor with the suit on and 3 sheets on top of MOP suit to increase the insula-
tion. There was no cool down period but we did have noise on the tachometer
which caused double triggering in several places. We accepted these data (HR)
anyhow. The electrodes were working but apparently had not been in the proper

lateral position to get a large R wave (Figures 10, 11, 12).

HR T T, . T Time
s suit core

86 90.5 90 .217 13:30




restarted aquisition again about 13:32

85 91.5 92 .270  13:36
85 92 93 .272  13:41
87 . 92.5 93 .248  13:45
83 92.5 93 .254  13:48
85 93 93.5 .265  13:57
85 97 96 .267

out of the suit by 1402 hours. His oral temp was 97.7 at the end of 30 min

" (14:02 hours).

C. Trout, treadmill exercise, unsuited, with load (PH1A405A). The unsuited
response to exercise was tested in Carl T. using the Bruce test protocol. He
carried a knapsack weighing 37 1lbs. Data were collected for 3 min of control
(tic on data) 3 min at 1.7 mph/10% grade (another tic on data) 3 min at 2.5/12

(tic) then 3 min at 3.4/14 (tic) then cool down (Figure 13d-16).

Notice that the Borg Relative Perceived Exertion Scale (RPE) is shown along
with HR in the following figures. The maximuﬁ RPE is 20 and the minimum is O.
Both skin and surface temperatures were recorded, the latter surface tempera-
ture was obtained by a Yellow Springs telethermometer placed outside of the
clothing but under the Sam Brown belt. ©Note that the summed biaxial ac-
celerometer signal shows a fair correlation with the level of work being

performed on the treadmill.

HR Tsuit Ts Tcore Time
start control period 14:20
87 91.5 93.5 .200 14:23
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Figure 9
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Figure 10
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end of control period, now go to 1.7/10 stage of Bruce protocol

111 91 94 .209 14:26

now go to 2.5/12 stage of Bruce protocol

125 91.5 95 .219  14:28

now go to 3.4/14

158 91.7 96 .223 14:31

now start to cool down

118 91.2 97 .236 14:33
95 91.1 97.5 .262 14:35
97 91 97.3 .292 14:37
88 90.2 97.3 .305 14:39
99 90.5 97.2 .302 14:42
91 91 97 .290 14:45

oral temp 98.5 F
85 91.5 97.1 296 14:48

Carl T. thermal stress during exercise, suited (PH1A406A). Suited response to
exercise with no extra weight load, following the same Bruce protocol for
exercise tolerance testing. Carl began suiting up at 1453 hours. We col-
lected control data for 3 min then (tic) next 3 min at 1.7/10 (tic) then
2.5/12 (another tic) then 3.4/14 for 6 min (tic) (Figures 13-16). Then cool
down and recovery. We started control data collection at 1455 hours. The
following figures (17-20) show the HR-RPE relationship, core temp, skin vs

inside suit (surface) temperatures and relative activity.




Figure 13
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Figure 15
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Figure 16
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HR T T T . Time

suit s core
86 82.3 92.2 .311 14:56
97 84.5 93.7 .301 14:58

started 1.7 mph at 10% grade on the treadmill

101 87.5 95 .30 15:01

next go to 2.5/12 stage of Bruce protocol

133 91 97 .304  15:04

next go to 3.4/14 stage of Bruce protocol

174 93 95.5 .314 15:07
177 94 96 .319  15:09
181 94.5 96.5 .320  15:10
184 94 96 .323 15:11

next cool down without removal of the suit

143 95.2 97 .341  15:12
135 95 97 .366 15:14 )
130 94 97 .378 15:16
125 93 97 .377  15:19
123 93 97.5 .359 15:22
126 92.5 97.2 .360 15:25

oral temp at this time 99.1

E. Loewen treadmill exercise, unsuited, with load (PH1A405B). Unsuited
response to exercise with a 37 1b load on his back. At the beginning of this

test his oral temp was 97.9 at 1544 hours. The following figures (21-24) show
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Figure 19

ALIAILOVY 3AILVI3Y °©

1O 1923rgns

3d6

N T e VU7 N e —d O NI
vL/¥'¢  OoL/L°L
vi/¥°¢

3dS

dd¢e

zL/sz

0

6

£c

+8°'62

+0°ls

+ S92

-0°201L

A}

+0'¢st

+<°8L1

dALIN0Y3TIIV —ALINILIY JAILVIIY

4 0'v0z

+&°'6c2

d4S10d3X3 ONIdNd

SSHHILS

0'Gee

AIVINATHL




Figure 20
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the HR-RPE relationship, skin and surface temperatures, core temperature and

relative activity.

HR T .. T T Time
suit s core

69 87 92 .288  15:49

89 92 92.5 .288  15:52

begin stage one 1.7/10 on treadmill

111 94.5 91 .294  15:57

next go to 2.5/12 of Bruce protocol

119 95.5 90.5 .291  15:60

next go to 3.4/14 of Bruce protocol

158 97 91 .316 16:02

next stop treadmill and cool down ahd recovery

136 97.5 91.5 .331  16:04

116 97.5 91.5 .348 16:05 108 98 92.5 .368
98 98 93 .396 16:10

106 98.2 92.4 .380 16:13

102 98.5 92.5 .390 16:15

100 98.5 92.5 .396 16:18

98 98 92.5 .396 16:20

1608

Thus, this experiment collected data for 3 min of control (tic in data) then 3

min at 1.7/10 (tic) then 3 min at 2.5/12 (tic) then 3 min at 3.4/14 (tic) then

cool down and recovery.

10




Figure 21
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Figure 22
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Figure 24
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E. Loewen thermal stress during exercise (PH1A406B). Suited exercise with no
extra load carried by the subject. Ed suited up at 1621-1630 hours then ran a
Bruce protocol starting at 1634 hours. We collected control data for 3 min
(tic in data) then he ran at 1.7/10 for 3 min (tic) then he ran at 2.5/12 for
3 min (tic) then he ran for 6 min at 3.4/14 (tic) then he cooled down (Figures

25-28).

One unique observation was that the core temperature dropped at the early
stages of exercise, when the subjects were suited. This whs attributable to
the increased circulation bringing in cooler blood from the extremities. This
has been shown or suspected in humans but not demonstrated so clearly.
Another component of this dip in core temperature would be the vasoconstric-
tioﬁ that occurs during exercise within the splanchnic circulation. The gut
is vasoconstricted to provide redistribution of the available cardiac output

to the working muscles.

HR Tsuit Ts Tcore Time
97 87.5 94 416 16:31
100 89 94.5 .410 16:33

next start Bruce protocol 1.7/10

125 90 96 .384 16:36

next go to 2.5/12 of Bruce protocol

138 90 96 .382 16:39

11




Figure 25
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Figure 26
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Figure 27
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Figure 28
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next go to 3.4/14 of Bruce protocol
170 90.2 96 .396 16:42
174 92 96.5 416 16:45

stop and recover and cool down

141 94 97.5 435 16:48
127 95 97.6 467 16:50
118 96 97.7 .460 16:52
121 96 97.7 .439 16:54
123 96 - 97.5 .457 16:56
119 96 97.5 .460 16:58
119 96 - 97.5 462 17:00

118 96 97.5 464 17:02

Carl T. thermal stress and exercise with load (PH1A406C). Suited response to
exercise with extra load of 37 lbs on back. Carl suited up at 1705-1723 and

we started to collect control data at 1724.

We collected 3 min of control (tic) then 3 min at 1.7/10 (tic) then 9 min at
2.5/12 until he felt he could not go further. He was definately "at-risk" at

the end of this period. Room temp was 23.5 C. His oral temp was 98.2 at the

beginning (Figures 29-32).

HR Tsuit Ts Tcore Time
control period/suiting up
88 83 89.5 .202 17:18

95 90 91.5 .204 17:22

12




next start the exercise at 1.7/10

108 93 93 .199 17:24

next go to 2.5/12

153 94.5 95 .197 17:27
170 96 95.5 .230 17:30
183 97.5 95.6 .290 17:33
186 98.9  96.4  .369 17:36

next slow down and stop, cool down, took off pack only

167 98 93 .415 17:38
146 94.5 91.5 442 17:40
145 93 91 451 17:42
139 93 91 .456 17:44

core temp plateau?
134 93 90 464 17:47

134 93 89.5 .459 17:50

end of test, subject OK.

The pills were calibrated using a temperature-controlled water bath and
returned to KI for examination. The results of the calibration were given to
Tim Cushing for the writing of the algorithm. The means for getting the data
off of the floppy discs was written by T. Cushing at a later date and the

floppy sent to us for data retrieval and completion of this report.

13




Our examination of the data showed that the core temperature was a good
predictor of the at risk alarm and this in combination with the heart rate
should be used for alarm detection. Based upon the workload we selected on
the treadmill and upon the limited data from two subjects’ level of fitness we
were able to observe the slope of core temperature rise (degrees C/min) and
state that at the particular workload that X minutes could be sustained
(accounting for the overshoot of Core temp) before the alarm should be
sounded. We extrapolated linearly (not sure of the linearity of heat load
accumulation) to also predict a critical alarm. Basically this was about 10
more minutes of the same workload. With these crude approximations we dis-
cussed the algorithm with Tim Cushing and he arrived at his own writing of the

algorithm.

14




Figure 29
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Figure 30
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Figure 32
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4/16/87 - Recalibration of Pills from PHIA part 4

K. Dormer

Univ.

Water Bath Voltage out

T°C Pill #10 Pill #13

35 -0.23 -0.45
35.25 -0.05 -0.24
35.3 -0.19 -0.39
35.4 -0.17 -0.36
36.0 --0.03 -0.24
36.2 -0.05 -0.20
36.25 -0.05 -0.24
36.75 +0.05 -0.14
37.0 +0.00 +0.00
37.3 +0.1 ~0.08
37.5 +0.22 +0.02
37.8 +0.23 +0.05
38.0 +0.03- +0.12
38.1 +0.35 +0.18
38.25 +0.23
38.5 +0.21
38.6 +0.38 +0.22
38.8 +0.48 +0.30
39.0 +0.47 +0.32
39.2 +0.51 +0.35
39.4 +0.55 +0.37
39.5 +0.58 +0.40
39.6 +0.59 +0.38
40.4 +0.72 +0.63

Note: HI1B 93.8 mHz - Carl T #10 104.99 mHz - Ed L

94.24
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105.74
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1 INTRODUCTION

In 1985, the U.S. Army Medical Rescarch and Development Command awarded a
contract to Konigsberg Instruments, Inc. to develop a system for multi-channel biomedical
monitoring in military operational environments. The environment of greatest interest was the
chemical de_fcnsive posture in which subjects wear restrictive protective clothing but are expected
to maintain their task performance and physical activity. Under these conditions heat stress can
be a serious problem and it is essential to have a safe and reliable means of monitoring a
subject’s thermoregulation. The original system developed for this purpose was the Chemical
Defense User Safety System (CDUSS). This system used an ingestible radiotelemetry pill as a
primary sensor to monitor core body temperature. Secondary sensors measured skin temperature,
heart fate, and activity. This system has proven itself in many field studies and with continuing

refinements has evolved into its present configuration as the Biomedical Field Monitoring System

(BFMS).

1.1 PURPOSE AND GENERAL DESCRIPTION

The Biomedical Field Monitoring System (BFMS) has been developed to provide a
practical means of monitoring the physiological status of soldiers under operational conditions.
The BFMS is a modular system composed of four major subsystems: 1) biomedical transducers
for measuring a variety of physiological parameters; 2) an individually-worn multi-channel data
acquisition system; 3) a radio frequency telemetry system; and, 4) a data display and analysis unit

("base station"). Figure 1 illustrates the functional components of the system.

1.2 HISTORY

Work on the BEMS has proceeded in phases. The first phase (IA) began in 1985 with
the design of the original CDUSS system by Konigsberg Instruments (KI). The first units
consisted of a KI-designed ingestible temperature transmitter (T2A) and a commercial

biotelemetry transceiver. The latter consisted of a TR4 diversity receiver, T41A 6-channel
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telemetry transmitter, TD10A bench mainframe, PS3A power supply, D4 pill demodulator, CM6
control module, and SC106 signal conditioners. During this phase the integrity of the coating
on the T2A pills was tested in dogs and the encapsulating procedure was changed slightly to
produce a more uniform coating. The T2A pills utilized a discrete component design which was
intended to closely resemble the final design. Tests with human subjects were also conducted.
Transmission range of the T2A pills was tested using simple body mounted antennas and found
adequate. In addition, computer programs were developed that could successfully predict core

temperature rise to above 39 degrees C in a subject engaged in strenuous exercise.

During phase TA (1987) KI used the T2A temperature pills to test the new TRGA
telemetry transceiver. The TR6A was an interim version of the TR6B. It had an LCD readout
display for core body temperature, but did not have data acquisition and logging capabilities. It
also did not have the RF receiver sensitivity or transmitter power of the later TR6B. The TR6A
was tested throughout 1989 at various sites: Walter Reed Army Institute of Research (WRAIR),
Aberdeen Proving Grounds, and Fort Knox. The new receiver had adequate sensitivity for
picking up pill transmissions, bu.t there were problems with low transmitter power. Power output

was estimated at only 20mW instead of the expected 100mW. In addition, antenna problems

further limited communication range.

At this stage of the program it became apparent that computer programming of the TR6A
pill reception and base station temperature display was heavily "application-sensitive,” and was
preferably performed at WRAIR. KI was requested to forward existing programming
documentation to the Army, which took over further software development. In general,
feasibility was established for core temperature acquisition, man-pack transmitter to base station
communication, and base station computer temperature display. However, consistency of

unattended operation and communication distance between units remained to be improved.

Phase III (1989) saw the introduction of the IC-based T2D temperature pills and the
improved TR6B telemetry transceiver. The T2D pill consists of a custom integrated circuit (T0),

a micropower RF transmitter, and passive components for programming the IC and RF
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transmitter. Physically the pill is similar to the T2A. Electronically the T2D permits the
encoding of a pill identification pulse to aid in tracking one pill signal in the presence of many
signals. The internal IC was also intended to allow for the simultaneous transmission of ECG
and temperature information. However, this function was not implemented in the T2D. 260 T2D
pills were manufactured by KI for the phase III tests. These tests were conducted at the Applied
Physics Laboratory (APL), Johns Hopkins University, which repeated the pill calibration tests
done by the manufacturer (KI). Their results closely matched KI's data. Improvements to the
TR6B transceiver included increased power output, simplified circuit board layout, improved
power supply, increased receiver sensitivity, and a change in input/output connector design to
accommodate a larger data logger memory. Six complete TR6Bs were produced, along with
parts for 11 addiﬁonal units. During initial testing with 4 AA lithium cells an operating lifetime
of over 24 hours was achieved and reliable transmission range was found to be 200-750 meters,
depending on the antenna used. One serious problem that occurred was a tendency for the
TR6Bs to spontaneously reset, interrupting data acquisition. This problem was traced to

microprocessor software and a programming change corrected the problem.

In 1990, WRAIR undertook interim refinements of the CDUSS system, renaming it the
Biomedical Field Monitoring System (BFMS). The BFMS was based on individual components
(of the CDUSS) as delivered by KI, but was repackaged in a smaller case more suitable to
immediate application in field studies, which began in Spring 1990. WRAIR was assisted in
repackaging and printed circuit fabrication by Precision Control Design, Inc., (PCD) of Fort

Walton Beach, Florida.

In 1993 the BFMS was again modified and repackaged as the ATR6B. This new unit is
enclosed in a water-tight case and uses an external battery pack. Using external batteries allows
the appropriate size batteries to be selected for a given mission while minimizing the total weight
of the complete package. The memory board and analog circuitry were also significantly
redesigned by PCD to improve performance and allow the complete electronics package to fit
into the smaller case. The TR6B receiver was also modified to incorporate a wideband AM
detector. This new detector allows improved discrimination of the T2D ID pulses and permits
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tracking multiple pills in a subject, although at some cost in power consumption. New lower

profile connectors were also sclected for the ATR6B, making harness cables less prone to

damage.

As of July 1994, three final upgrade revisions were being considered for final closure of
the existing system:

1. Since the 1989 delivery of the TR6B tranceivers, a problem with the stability of belt-
unit transmissions has been noted, both for carrier frequency and FSK-FM deviations.
Application software has been extensively modified to minimize this problem and to assure data
telemetry throughput. A hardware revision of the transmitters, at modest cost, has been
developed and Wés incorporated in late 1994.

- 2. The present battery pack consists of three C-sized lithium cells, but presents a problem
of bulkiness and exposure to the elements. A more compact package, based on four 9-volt
rectangular batteries, is being designed for applications in late 1994 and 1995.

3. The present microproc'essor contains only 2K bytes of programming space (EEPROM),
insufficient for certain advanced applications, such as inter-pill discrimination and multi-channel
pill applications. A 12K-byte UVEPROM version of the chip is now available, and tWo
prototypes of the TR6B have been built using this microprocessor. Cost-benefit analysis of

generalizing this revision is in progress, and such a change will occur in 1995, if at all.

A summary of system development is contained in References 1-8.
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Figure 1 BFMS Block Diagram.
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1.3 SUBJECT SAFETY

The ultimate objective of the BFMS is subject safety under adverse, isolated, mobile, or
potentially dangerous situations. Safety limits for core temperature, as well as heart rate and skin
temperature should be pre-determined for each study, exercise or test. Both absolute levels and
trends approaching those limits can be observed with the BFMS in real time, with

green/amber/red zones for the base station displays, and auditory signals if desired.
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Figure 2 Pill Block Diagram.
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2 TEMPERATURE PILL

2.1 GENERAL DESCRIPTION

The T2D "Temperature Pill" is an ingestible sensor/transmitter capsule that emits micro-
power radio-frequency (RF) pulses at intervals related to the surrounding temperature (pulse

interval modulation).

Data encoding in the T2D is accomplished with a temperature sensor (thermistor) and a
semi-custom integrated circuit encoder (TO) which translates temperature information into an
equivalent pulse lfrequency rate. The pulse information is then used to gate an RF transmitter,
providing a pulse train of RF transmission decoded by the TR6B transceiver (belt-worn or man-

pack). See Figure 2 for a general outline of the pill’s structure.

2.2 DETAILED DESCRIPTION

The integrated circuit encoder (T0) translates temperature information, derived from a
thermistor, into a train of dual pulses whose pulse-group repetition rate is linearly related to
- temperature. The nominal pulse frequency is 500 Hz at 37 degrees C, increasing by 20 Hz per
increased degree C. This pulse train is used to switch the RF transmitter on and off, which is
tuned to emit a pulsed carrier in the band between 88 and 108 MHz, tuned by discrete
components at assembly. Because of the brief nature of the pulses (10 to 60 microseconds) and
the relatively long interpulse interval (2 milliseconds) the transmitter has a very low duty-cycle
which sharply reduces the rate of battery power consumption. Shelf life of an operating pill at
ambient temperature (approximately 20-25 degrees C) is approximately three months and can be
extended to beyond one year if the pill is kept at 0 degrees C or below. The estimated average

input power to the transmitter is 25 microwatts.

2.2.1 Pill ID Encoding
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In addition to encoding temperature information the T2D also encodes pill ID information. The
TO integrated circuit generates two narrow pulses in brief succession. The first is a short pulse
(P1) of 10 to 22 microseconds. This is followed by an interval (I1) of 10 to 80 microseconds,
and then another, longer pulse (P2) of 20 to 105 microseconds. The overall pulse-train interval
(beginning of P1 to beginning of P1) is determined by temperature and is about 2 milliseconds.
The shorter intervals (P1, I1, and P2) are determined by circuit components and can be preset
to represent 8 different pill types. This feature aids the receiver/decoder circuitry in tracking the

pill by improving the discrimination of pill signal from sources of pulsatile noise. The dual-pulse

scheme is shown in Figure 3.

2.2.2 Physical Characteristics

Physically, the T2D capsule is made up of two printed circuit board assemblies, an
antenna assembly, a battery, and hermetic and biocompatible coatings rendering it suitable for
| ingestion (see Figure 2). The electronic assemblies consist of a thermistor (temperature sensor),
an integrated circuit encoder (T0), and a transmitter circuit. The antenna is a wire coil and the
battery is a silver oxide button cell. The final assembly is tuned, inserted in a gelatin capsule,
and coated with a dental acrylic resin to form a hermetic seal. A unique serial number is
inscribed on the pill surface, and it is finally coated with a medical grade silicone elastomer.
Each pill is calibrated by measuring the P1-P1 pulse repetition rate at two water bath
temperatures (37 and 40 degrees C). The pill is then packaged in a sealed plastic packet along

with calibration information and stored at between 0 and 10 degrees C.

BFMS TECH Manual REV - 1/95 --- Page: 9




>———+ frmmm e + $m————— >>-mmm e + +-=>
| <P1>| |<--P2-->1} |<Pl>|
| |<-Interval Il->| | ‘

Figure 3: Pulse definition for the T2D Encoder/Transmitter

2.3 T2F PILL DESIGN

Difficulties in manufacturing the TO integrated circuit in small quantities have made the
supply of these parts uncertain. Consequently the T2D has been redesigned to use discrete
components in place of the TO and has been redesignated the T2F. The T2F is functionally
equivalent to the T2D, with one exception. The width of the first pulse (P1) is fixed at 16-22
pseconds. ID information is encoded by using two different pulse widths for P2 (20-35 or 36-60
microseconds) and four different I1 pulse intervals (10-23, 23-40, 40-67 and 67-110

microseconds).
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2.4 TEMPERATURE PILL SPECIFICATIONS

T2D Temperature Telemetry Transmitter (pill)

Size:

Weight:

Temperature sensor:
Pulse'frequency:
Temperature change:
Linearity:

Accuracy:
Transmission method:
Operating frequency:
Range:

Transmitter duty cycle:
Transmit power:
Power supply:
Battery life:

Expected life:

Encapsulation materials:

Length = 29 mm (approx.)

Diameter = 11 mm (approx.)

3.9 grams (0.13 oz.)

Bead Thermistor

500 Hz (nominal) at 37 deg. Celsius, +/- 100 Hz

20 Hz (nominal) per deg. Celsius, +/- 4 Hz

+/- 0.1 deg. between 34 and 40 deg. Celsius

+/- 0.1 deg. between 34 and 40 deg. Celsius

Near field pulsed radio frequency

86 - 108 MHz (factory set)

24 inches (typical)

< 5 percent

Mean (pulsed): < 25 microwatts max.

1.5-volt silver oxide battery (Eveready type 393)

> 3 months at room temperature; > 1 year at 0-10 deg. Celsius
One usage (> 72 hours at 37 deg. Celsius)

Inner capsule, hermetic seal of electronic components: Lee
Pharmaceuticals photo-cure methacrylate resin (dental).

Outer coating: GE RTV112 silicone sealant

Overcoating of lettering: Dow RTV734 clear silicone adhesive
NOTE: The above materials comply with Section 21CFR 177.2600
and Section 21CFR 175.300 of the Food and Drug Regulations.
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3.BFMS UNIT - HARDWARE SYSTEM DESCRIPTION

*** THE FOLLOWING TEXT REPRESENTS SEMI-FINAL EDITING OF THIS SECTION BY
DPR AND INCORPORATES KI'S REVISIONS. REMAINING FOR THIS SECTION IS A
DISCUSSION OF THE ANALOG DATA ACQUISITION BOARD, WHICH CONTAINS THE
LOGGER MEMORY AND DISPLAY, AND THE 26 - PIN CONNECTOR AND HARNESS
CONNECTIONS. IT MAY BE DESIREABLE, IN THIS PART, TO INCLUDE
ILLUSTRATIONS OF THE SUB-CIRCUITS DESCRIBED.

3.1 GENERAL DESCRIPTION

The BFMS hardware unit is based on the Konigsberg Instruments, Inc. TR6B micro-
processor controlled radio frequency transceiver, which has been repackaged by WRAIR with
some modifications and additional components designed by both Precision Control Design, Inc.
and Research Triangle Institute, Inc. This section presents in detail each of the separate
components which comprise the BFMS unit. The fundamental building blocks of the hardware

system are shown in Figure 4, a block diagram of the various interconnected printed circuit board

assemblies (PCBs) of the system.

The most fundamental section is the TR6B, consisting of a radio frequency transceiver
(TXR) coupled to and controlled by a microprocessor PCB assembly (uRCTL). The TXR
transmits and receives in the 88 to 108 MHz commercial FM broadcast band, and is made up of
standard circuit sections typical of any radio, i.e., RF Preamplifier, Local Oscillator(LO), Mixer,
IF Amplifier/Detector, IF Gain Control, Modulator network, and RF Power Ampliﬁer. LO
frequency is determined by firmware in the uRCTL. In receive mode, LO frequency is set to
operating frequency less IF, and the receiver demodulates both AM (for Temperature Pill signals)
and FM (for FSK data reception) information from the IF signal. Both AM and FM demodulation
signals are fed to uRCTL for processing and Temperature pill data are derived from AM pulse
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Figure 4. BFMS Hardware
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intervals. In transmit mode, the LO determines operating (carrier) frequency for FM-FSK data

transmissions.

Data acquisition, _from channels other than the Temperature Pill , is accomplished on the
Analog Data Acquisition/Logger Memory board (ADA/LogMem PCB) manufactured by Precision
Control Design, Inc. Data functions include 1) 4 channels of thermistor drivers for Skin
Temperature sensors contained in the harness; 2) a cardiotachometer channel for Heart Rate
derived from a chest-strap ECG signal; and 3) body movement data or Actigraphy, derived from
an accelerometer mounted on the PCB itself. The ADA/LogMem PCB also contains 128
Kilobytes (Kb) of Static RAM with a back-up battery, for logging of acquired data and off-line
retrieval, and a Liquid Crystal Display for external visualization of selected data.

The DC power supplied to each PCB circuit section is conditioned on a single board
(PWR) which derives power from the battery pack. Additional components described here
include the PCB inter-connections on the backplane or "motherboard,” the antenna, harness, and
communications connectors, the battery pack options, and the case itself. Finally, two revisions
in incomplete or interim implementation are discussed: 1) the Wide-Band IF Strip, and 2) the

TX6 transmitter PCB which replaces the transmitter functions of the TXR, for reasons discussed

below.

The BFMS unit, by variations and parameter settings of the internal firmware, can be
configured for any of three functions: as a man-pack ("belt unit" or wearable instrumentation
package), as a relay station (relays signal from a man-pack unit to a base station), or as a base

station (logging and PC interface system). Each of these are discussed in separate sections of

this manual.

3.2 TRANSCEIVER (TXR)

3.2.1 AM/FM RECEIVER - Detailed Description
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Refer to Schematic Drawings TXR1 - TXR3 found in Appendix I

All three configurations of the TR6B receiver utilize the demodulated AM signal, although
only the man-pack actually processes data from the signal. Both base station and relay functions
detect the occurrence of incoming data transmissions by awaiting the leading edge of an increase
in AM level produced by a remote signal. On the other hand, the belt-unit uses the AM signal
to detect the brief RF pulses transmitted by the T2D/T2F temperature pill. The uRCTL

processor captures the AM pulses and measures the intervals between them, thus decoding the

pulse intervals modulated by temperature (see section 2.0).

Referring to the schematics, the transceiver is switched between receive and transmit
modes by maniphlating two control lines. One, the Tx Path Inhibit line (also known as OPT6),
when asserted, disables the transmit output power amplifier driver US, silencing the transmitter
(see Schematic TXR3). Incoming RF signals are routed from the receiver antenna through a
voltage controlled attenuator(VCA) formed by diode D1 and on to the preamplifier Q1. The
DACVv1 and DAC1 voltages from uRCTL form the second control line and are used to vary the
RF impedance of D1 and thus control the amount of signal reaching preamplifier Q1. In transmit
mode D1 is strongly reversed biased and protectively isolates the receiver circuitry from the
transmitter. In receive mode the D1 acts as a voltage controlled attenuator, and in most usages,

it is biased completely on (3v) for maximum receiver sensitivity.

Prior to preamplifier Q1 the signal is filtered by a voltage controlled tuned network (VCF)
consisting of Varactor diodes D2 and D3 controlled by the DACv2 voltage level. This provides
an 8 MHz passband centered at the operating frequency and -3db gain. Preamplifier Q1 is a
conventional common emitter amplifier using a low noise (2dB) UHF transistor (MRF901),
providing 16 - 18 db gain. The output from Q1 is coupled to the mixer stage Ul through a top
coupled double tuned circuit formed by Varactor diodes D4, D5, D6, and D7. The DACV?2 signal
is also used here to set the center frequency of the filter, with an 8 MHz passband and 6 db gain.
This VCE-Preamp-VCF network greatly reduces the effect of noise and out of band signals on

the mixer.
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The other input to mixer Ul is the local oscillator (LO) signal from Q6. The mixer Ul
multiplies these two signals together and gencrates sum and difference frequencies. The output
tuned circuit (C34, C35, C36, C37, L10, and L11) is adjusted to pass only the difference
frequency which is termed the intermediate frequency (IF). The mixer IF output signal, which
in this design is set to 10.7 MHz, is then applied to ceramic filter FL1 to further reduce any
signals outside the IF passband. The output of filter FL1 is applied to a commercial IF
amplifier/demodulator integrated circuit (IC) U2, which here is used only as an IF amplifier gain
block. Its output passes to a second IF ceramic filter (FL2), to a second amplifier/demodulator
(U3) used as a demodulator. The first stage in U3 further amplifies the IF signal and routes it
to a third ceramic filter FL3. From FL3 the signal goes to the output limiter and quadréture
detector stages of U3. The detector, along with C58, C59, C60, and L12 form an FM
demodulator circuit providing an FM signal (Sigl) which is routed through the motherboard to

the uRCTL board.

The AM output signal (Sig0) is derived by summing RSSI (signal strength) outputs from
both U2 and U3 which are buffered by operational amplifier U4 and also routed to the uRCTL

board.

3.2.2 WIDE-BAND IF STRIP (TR6B Modification)

Refer to diagrams WBIF1 - WBIF3 in Appendix 1.

As described above, the AM detector signal from amplifier/demodulators U2 and U3 does
an adequate job of recovering the Temperature Pill interval information encoded by the leading
edges of the P1 to P1 interpulse interval (2 milliseconds), sufficient for routine temperature
measurement applications. However, this detector circuit has a low-pass characteristic with a
bandwidth of only about 100 kHz, which results in somewhat distorted waveforms; trailing edges
of both P1 and P2 are slewed to an extent that the short interval between the two ID pulses, and
the width of both pulses cannot be accurately determined. Thus, different ID pulse positions and

widths cannot be accurately discriminated and different pills in the same individual cannot be
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tracked independently. This was an unpredicted result of the circuit design, resulting from the

selection of ICs U2 and U3 (NE604) for minimum power consumption.

For limited applications in which accurate pulse discrimination might be required, a circuit
providing much greater AM signal bandwidth, about 250 kHz, was designed, fabricated, and
installed in the BFMS units. The output of the first Ceramic IF filter, FL1, is routed by coaxial
cable to a new PCB called WBIF, mounted on one end of the TXR board. Refering to schematic
WBIF1, this circuit consists of two IF gain stages Ul and U2 (MC1350) with a voltage
controlled gain of 50dB. Two ceramic filters/matching networks are used to couple the signal
from Ul to U2 and from U2 to the AM detector U3 (MC1330). The output of U3 is buffered
by amplifier U4B and becomes a new AM video signal. The detector output is also rectified and
integrated by amplifier U4A and used to generate an automatic gain control (AGC) signal which
controls the gain of the IF stages (Ul and U2). This AGC signal also provides as an output

signal which indicated average signal strength.

The WBIF strip and AM detector circuits requires significantly more current,
approximately 55 milliamperes at 10.5 volts Vsupply, to operate than the original AM detector
on the TXR board. This is an almost 100% increase in power consumption of the overall system,
thus halving effective batter life. To provide for extended routine operation of the BFMS, a
software controlled power switch was been added to the BFMS to power down the WBIF except
during specialized uses. Shown in drawings WBIF2 and WBIF3, this DPDT circuit also

switches the AM video line between the new and the original sources of the AM signal, which

is then routed as Sig0 to the uRCTL board.

3.2.3 FM-FSK TRANSMITTER

Refer to Schematic Drawings TXR1 - TXR3 and RCTL1 - RCTL4, found in Appendix

The transmitter in the TR6B is controlled by the 68HC811 processor on the uRCTL
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board and operates in the 88 MHz to 108 MHz commercial FM broadcast band. The voltage on
the DACVS5 line from the uR controller board determines the transmit frequency generated by
voltage controlled oscillator (VCO) Q6 (also the local oscillator of the receiver). This voltage
varies the capacitance of varactor diodes D11 and D12 in the oscillator tank circuit,